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REMARKS 
Claim Amendments 

Claims 1-10, 14-21, and 25 are pending. Claims 8-10, 14, 22, and 25 are amended. 
Claims 1-7 and 15-21 are withdrawn. Claims 11-13, 23, and 24 are cancelled herein without 
prejudice or disclaimer. Applicant reserves the right to file continuation or divisional patent 
application(s) drawn to cancelled subject matter. 

Support for the claim amendments can be found throughout the specification and in the 
claims as originally filed. 1 Applicant respectfully requests entry of the above amendment and 
submit that the amendments do not constitute new matter. 

Claim Rejection — 35 U.S.C. § 112, first paragraph (written description) 

Claims 8-14 and 22-25 stand rejected under 35 U.S.C. § 1 12, first paragraph, as 
allegedly failing to comply with the written description requirement. 

The Office Action contends that the specification does not provide written description for 
the genus of substances "capable of acting on the NP receptor GC-A to enhance cGMP 
production." 2 The Office Action acknowledges, however, that the specification describes the 
ANP and BNP peptides of SEQ ID NOs: 1-8, and that these peptides are species of the genus of 
"substances." 3 

As amended, the claims comprise the step of administering (or treating with) an atrial 
natriuretic peptide (ANP) or brain natriuretic peptide (BNP). 

ANP and BNP are well known in the art. 4 ANP is secreted from the heart and plays an 
important role in water-electroyte metabolism and blood pressure regulation. 5 The specification 
discloses the amino acid sequences of a variety of ANP species including human ANP (e.g., SEQ 



1 See, e.g., Specification, fl 2, 5, 13, and 14. The specification citations refer to the paragraph numbers in 
Pub No. US 2007/0270337, the publication of the instant application. 

2 See Office Action, pages 2 and 3. 

3 See id. at pages 3 and 4. 

4 See Specification, 11 13-15 (e.g., teaching that ANP and BNP are specific ligands for guanylyl cyclase A 
(GC-A)); see also Koller and Goeddel "Molecular biology of the natriuretic peptides and their receptors." 
Circulation (1992) 86: 1086-1088. (Exhibit A) . Prior to the instant invention, however, ANP and BNP were not 
known to be useful in treating Thl -mediated immune diseases or in regulating the Thl/Th2 balance in the immune 

system. 
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ID NO: 1), rat ANP (e.g., SEQ ID NO: 2), and frog ANP (SEQ ID NO: 5), as well as a useful 
fragment of human ANP (SEQ ID NO: 3). 6 

BNP is a related cardiac hormone with similar diuretic, natriuretic, and vasodilatory 
activities. The specification also discloses various BNP amino acid sequences including human 
BNP (SEQ ID NO: 4), pig BNP (SEQ ID NO: 6), rat BNP (SEQ ID NO: 7), and chicken BNP 
(SEQ ID NO: 8). 7 Based on ANP and BNP amino acid sequence information, those skilled in 
the art may make and use modified ANP and BNP sequences by techniques known in the art 
such as deletion, substitution, addition and/or insertion of amino acid residues in the ANP or 
BNP sequences. 8 Moreover, ANP and BNP may be isolated in pure form from natural sources, 
chemically synthesized, or recombinantly produced. 9 

As discussed above, at the time the instant application was filed, ANP and BNP were 
well characterized natriuretic peptides. As such, the specification reasonably conveys to one of 
skill in the art that Applicant was in possession of the claimed invention, at the time the 
application was filed. Accordingly, Applicant respectfully requests withdrawal of the written 
description rejection. 



" See Specification, <H 19 and 20; see also Sequence Listing. 
' See Specification, H 21 and 22; see also Sequence Listing. 

8 See Specification, f 22. 

9 See id. 



7 



U.S. Patent Application No. 10/560,378 
Attorney Docket No.: 58777.00001 8 



Claim Rejection — 35 U.S.C. § 112, first paragraph (enablement) 
Claims 8-14 and 22-25 stand rejected under 35 U.S.C. § 1 12, first paragraph, because 
the specification, while being enabled for decreasing graft rejection following transplantation 
comprising administering an effective amount of structurally and functionally characterized 
natriuretic peptides ofSEQ ID NOs: 1-8, allegedly does not reasonably provide enablement for 
"treating" or preventing known symptoms related to undefined "Thl -mediated immune disease" 
with unknown etiology. 

As amended, claim 8 is drawn to a method for treating a Thl -mediated immune disease 
comprising administering ANP or BNP, wherein said disease is a disease due to graft rejection 
following transplantation or multiple sclerosis. Claim 22, as amended, is drawn to a method for 
regulating the Th 1/Th2 balance in the immune system comprising treating dendritic cells with 
an ANP or BNP, thereby polarizing T cells toward Th2-promoting phenotype. As discussed 
below, the specification enables the full scope of these claims. 

Dendritic Cell Polarize naive T Cells into Thl Helper Cells and Th2 Helper Cells 

Dendritic cells are antigen-presenting cells that are activated after interaction with 
pathogens and various inflammation associated factors including cytokines. 10 After activation, 
these cells polarize naive T-cell development into T helper 1 (Thl) or T helper 2 (Th2) cells. 11 
Thl and Th2 cells are distinguished by the cytokines they produce, the cytokines to which they 
respond, and the immune responses in which they are involved. Thl cells produce pro- 
inflammatory cytokines (e.g., IFN-y, TNF-p\ IL-2, and IL-12), while, in contrast, Th2 cells 
produce the cytokines (e.g., IL-4, IL-5, IL-6, IL-10, and IL-13) that suppress the release of pro- 
inflammatory cytokines (e.g., TNF-oc). 12 Immune reactions are modulated by a balance of Thl 
and Th2 helper cell activity. 13 



10 Sallusto and Lanzavecchia (2002) 'The instructive role of dendritic cells on T-cell responses." Arthritis 
Research 4(Suppl. 3): S127-S132 (Exhibit B) 

1 1 Giordano, et al. (2006) "Nitric oxide and cGMP protein kinase (cGK) regulate dendritic-cell migration 
toward the lymph-node-directing chemokine CCL19." Blood 107(4): 1537-1545 at 1537 (Exhibit C). 

12 BioCarta- Charting Pathways of Life (Dendritic cells in regulating Thl and Th2 Development) website 
downloaded on December 2, 2009. (Exhibit D) 

'3 Specification affl 3; See also Sallusto and Lanzavecchia (2002) "The instructive role of dendritic cells 
on T-cell responses." Arthritis Research 4(Suppl. 3): S127-S132 (Exhibit B) 
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Th2 Helper Cells Inhibit Thl -mediated Immune Reactions 

Th2 cells inhibit helper cell-mediated immune reactions, and thus, polarization of naive T 
cells into Th2 cells are therapeutic. 14 For example, Vieira teaches that glatiramer acetate 
(Copolymer- 1) is an effective therapeutic agent for multiple sclerosis. Copolymer- 1 suppresses 
the induction of experimental autoimmune encephalomyelitis (EAE) 15 and reduces the relapse 
frequency in relapsing-remitting multiple sclerosis. Copolymer- 1 acts on dendritic cells to lower 
their secretion of IL-12 and increase secretion of the anti-inflammatory cytokine IL-10. This 
change in the dendritic cells cytokine profile results in the polarization of naive T cells into Th2 
cells. 16 This increase in Th2 cell polarization leads to decreased inflammation and, 
consequently, the alleviation of the symptoms of multiple sclerosis. Moreover, Zhang reported 
that dendritic cells with high IL-10 and low IL-12 production administered to EAE mice resulted 
in the suppression of the symptoms of EAE. 17 Again, the administered dendritic cells increased 
the polarization of naive T cells into Th2 cells which dampened the effects of Thl -mediated 
inflammation. Accordingly, the art demonstrates that agents which enhance Th2 polarization by 
dendritic cells are useful in treating multiple sclerosis because the Th2 cells suppress Thl 
cytokine production and inflammation. 18 

ANP and BNP Activate Dendritic Cells to Polarize naive T-Cells into Th2 Helper Cells 

Applicants discovered that ANP and BNP bind guanylyl cyclase- A (GC-A) 19 expressed 
on dendritic cells. As taught in the specification, ANP and BNP activate dendritic cells 
inhibiting IL-12 and TNFa production and enhancing IL-10 production. 20 This activation drives 
T cell differentiation towards the Th2-type helper T cell type. 21 As discussed above, this leads to 



14 Specification at 127. 

15 An art accepted model of multiple sclerosis. 

' 6 Vieira, et al. (2003) "Glatiramer Acetate (Copolymer- 1 , Copaxone) Promotes Th2 Cell Development 
and Increased IL-10 Production through Modulation of Dendritic Cells." The Journal of Immunology 170: 4483- 
4488 at 4484. (Exhibit E) 

'7 Zhang, et al. (2002) "Mature bone marrow-derived dendritic cells polarize Th2 response and suppress 
experimental autoimmune encephalomyelitis." Multiple Sclerosis 8: 463-468 at 463 466. (Exhibit F) 

18 Specification at f 17. 

19 Also known as natriuretic peptide receptor-A 

20 Specification 11 86-87, Figure 4. 

21 Specification at 129. 
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an inhibition of Thl -mediated immune reactions (e.g., in multiple sclerosis). 22 Accordingly, the 
specification demonstrates that ANP or BNP may be used to treat a disease due to graft rejection 
following transplantation or multiple sclerosis because ANP and BNP act to suppress the pro- 
inflammatory immune response involving Thl-type helper T cells. 23 

The structure ANP and BNP are well-known in the art 

As discussed above, the specification teaches two structurally and functionally 
characterized natriuretic peptides, ANP and BNP. Therefore, a person of skill in the art need not 
engage in undue experimentation to make and use the natriuretic peptides in the claimed 
methods. 

In view of the foregoing, Applicant submits that the skilled artisan need not undertake 
undue experimentation to practice the claimed method and respectfully requests withdrawal of 
the enablement rejection. 



22 Specification at 1 27. 

H Specification at f 29; see also Example 2. 
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CONCLUSION 

Applicant respectfully submits that the pending claims are in condition for allowance, 
and such disposition is earnestly solicited. Should the Examiner believe that any issues remain 
after consideration of this Response, the Examiner is invited to contact the Applicant's 
undersigned representative to discuss and resolve such issues. 

It is believed that no other fees are required for entry of these remarks, but should any 
fees be necessary, the Commissioner is authorized to charge such fees to Deposit Account No. 
50-0206. 

Respectfully submitted, 
HUNTON & WILLIAMS LLP 



Dated: 



December 29, 2009 



By: 




Ac 



^ Robert M. Schulman 
£ Registration No. 28,562 




Christopher J. Nichols, Ph.D. 
Registration No. 55,984 



Hunton & Williams LLP 
Intellectual Property Department 

1900 K Street, N.W. Suite 1200 
Washington, DC 20006-1109 
(202) 955-1500 (telephone) 
(202) 778-2201 (facsimile) 
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Molecular Biology of the Natriuretic Peptides 
and Their Receptors 

Kerry J. Roller, PhD, and David V. Goeddel, PhD 



A trial natriuretic peptide (ANP) is the first de- 
/\ scribed peptide in a family of hormones known 
JL X. to have important roles in the regulation of 
body fluid homeostasis. 1 It is secreted by atrial myocytes 
in response to increased intravascular volume. Once it is 
in the circulation, its effects are primarily on the kidney, 
vascular tissue, and adrenal gland, in which its actions 
lead to natriuresis, diuresis, and a decrease in intravas- 
cular volume and blood pressure. 2 The description of 
the potent diuretic and natriuretic properties of atrial 
extracts more than a decade ago was the first evidence 
that the heart could be an endocrine organ. 3 The 
subsequent isolation and characterization of this activ- 
ity identified ANP as the first secreted cardiac hor- 
mone. 4 - 7 ANP's actions on both the cardiovascular 
system and the kidney as well as its role in pathophys- 
iological states such as heart failure, hypertension, and 
renal disease have made it a molecule of great interest 
to both clinical and basic scientists. 1 The recent discov- 
ery of a family of structurally related hormones suggests 
that the physiological control of body fluid homeostasis 
is complex. This complexity is enhanced by the existence 
of at least three types of receptors specific for the 
natriuretic peptides. The aim of this review is to sum- 
marize the recent studies on the molecular biology of 
the natriuretic peptides and their receptors. 

Natriuretic Peptides 

After deBold et al's 3 initial description of natriuretic 
activity in rat atrial extracts, several groups isolated rat 
ANPs of various lengths but with common amino acid 
sequences. 4 - 8 Studies of the gene and messenger RNA 
(mRNA) encoding ANP demonstrated that the isolated 
peptides were various fragments of the naturally occur- 
ring hormone. 9 - 12 ANP is synthesized first as the 152- 
amino-acid prepro-ANP (Figure 1). Removal of the 
24-amino-acid signal sequence (and the two carboxyl 
(C)-terminal arginine residues found in the rat, rabbit, 
and bovine but not human sequences) yields pro-ANP 
(1-126), the principal form of ANP stored in atrial 
granules. 13 The bioactive peptide is generated by pro- 
teolytic cleavage of pro-ANP into predominantly ANP 
(99-126) and the inactive ANP (1-99). 14 The active 
form of ANP (99-126) has a disulfide bridge between 
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cysteines 105 and 121, and all ANP analogues with 
natriuretic or diuretic activity share this common cen- 
tral ring structure. 815 Although pro-ANP is processed 
primarily to a 28-amino-acid hormone, as indicated in 
Figure 1, other forms of ANP have been identified. 
Urodilatin, first isolated from human urine and synthe- 
sized in the kidney, 16 represents atypical processing to 
an amino (N)-terminally extended peptide, ANP (95- 
126). 17 Alternatively processed forms of ANP have also 
been found in the testis (ANP [96-126]) 18 and the brain 
(ANP [102-126] and ANP [103-126]). 1 ' 

More recently, Matsuo and his coworkers 20 - 21 have 
isolated two new natriuretic peptides. Brain natriuretic 
peptide (or B-type natriuretic peptide; BNP) and 
C-type natriuretic peptide (CNP) were both isolated 
from porcine brain extracts on the basis of their potent 
relaxant effects on chick rectum. Like ANP, these 
hormones are synthesized from large precursor pro- 
teins, and the mature, active peptides have a 17-amino- 
acid loop formed by an intramolecular disulfide linkage. 
In the human peptides (Figure 2), 11 of these amino 
acids are identical in ANP, BNP, and CNP, whereas the 
N- and C-terminal tails vary in both length and compo- 
sition. 22 " 24 CNP has no C-terminal tail, and studies of 
the structure of the gene for CNP demonstrated that 
translation is terminated by a stop codon immediately 
after the final cysteine codon in the mRNA 24 - 26 

Among species, the amino acid sequence of both 
ANP and CNP are highly conserved, whereas the 
structure of BNP varies greatly (Figure 3). For example, 
the mature 28-amino-acid human and porcine ANPs 
are identical, and there is only one substitution in the 
rat peptide. I0 - 1, ' 27 > 28 Studies of the complementary DNA 
(cDNA) precursors for CNP indicate that the 22-amino- 
acid forms of porcine, rat, and human CNP are identi- 
cal. 24 - 26 The N-terminally extended 53-amino-acid form 
of CNP is identical in porcine and rat CNP and has only 
two substitutions in human CNP. In nonmammalian 
tissue, a 22-amino-acid form of chicken CNP is identical 
to the mammalian form except for three amino acid 
substitutions. 29 The porcine, human, and rat BNPs, in 
contrast, are only 50% identical at the amino acid level, 
and the mature hormones vary in length from 26 to 45 
residues. 30 - 32 This species variation is reflected in the 
biological activity of BNP studied both in vivo and in 
vitro. Although rat and human ANP are able to relax 
precontracted porcine coronary arterial strips with 
equal potency (ICso«0.04 nM), human BNP was much 
more potent than rat BNP in this assay (ICjo=0.02 
versus 1.10 nM, respectively). 33 These results suggest 
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FIGURE 1. Schematic of the synthesis of hioactive atrial 
natriuretic peptide {ANP) (99-126). 

that rat and human ANP, which differ in only one amino 
acid, are recognized equally well by the appropriate 
porcine receptor. Rat and human BNP have only 50% 
sequence identity, however, and this variation leads to a 
differential ability of these hormones to activate the 
porcine receptor. 

Although the three natriuretic peptides have highly 
homologous structures, they have distinct sites of syn- 
thesis and presumably discrete functions. Recent stud- 
ies have compared the tissue distribution of the inunu- 
noreaetiveiike material and mRNA coding for ANP, 
BNP, and CNF. 25 - 34 - 35 In porcine and human tissue, 
radioimmunoassays have demonstrated that both ANP 
and BNP are synthesized predominantly in the heart, 
with ANP concentrations approximately 45 times higher 
than BNP, Within the heart, the atrium is the primary 
site of synthesis for both hormones. The ventricle 
produces ANP and BNP, but at levels 1,000- and 
100-fold less than the atrium, respectively. This differ- 
ence in peptide concentrations is also reflected at the 
RNA level in the rat. 25 Northern blot analyses demon- 
strate a very high level of ANP mRNA in she atrium, 
and the difference in the levels of BNP mRNA in the 
atrium compared with the ventricle is much smaller 
sfaan the difference in ANP mRNA concentrations in 



those regions. During cardiac, disease, the expression of 
both ANP and BNP increases dramatically in both the 
atrium and ventricle. 3 " For BNP, the ventricle becomes 
the predominant site of hormone synthesis, and release 
into the anterior interventricular vein accounts for the 
increasing levels of circulating BNP. In patients with 
severe congestive heart failure, the plasma levels of both 
ANP and BNP are higher than control values; the 
increase in BNP concentrations, however, is at least 10 
times greater than that of ANP. 36 These results suggest 
that ANP and BNP have distinct physiological and 
pathophysiological roles in cardiovascular control. Stud- 
ies of infusions of BNP into patients with congestive 
heart failure support this hypothesis, Although the 
hemodynamic effects of BNP and ANP were similar in 
these patients, BNP had a longer duration of action and 
caused an enhanced rather than a blunted natriuretic 
response as was seen with ANP administration.* 7 

Both ANP and BNP immunoreactivity has been 
found in the central nervous system and the adrenal 
medulla as well as in cardiac tissue. 34 In the porcine 
brain, BNP levels are approximately 10-fold higher than 
those of ANP. Because the concentration of both of 
these peptides in the nervous system is much lower than 
in the heart or in the circulation, it has been postulated 
that the biological actions of ANP and BNP are pre- 
dominantly in the periphery. The presence of these 
peptides in the brain, however, has led to many studies 
of the possible roles of ANP and, to a lesser extent, BNP 
in the central control of various cardiovascular ftmc- 
tions. 3!i For example, injections of ANP or BNP into the 
rat brain cause changes in diuresis and salt appetite, 3 * -45 
heart rate and blood pressure, 4 *- 47 vasopressin secretion 
from the hypothalamus, 48 '" 9 and angiotensin H-induced 
water intake. 41 ' 50 - 52 These results suggest that one im- 
portant physiological role ibr natriuretic peptides in the 
brain is the regulation of Ehe activity of the vasopressin 
and angiotensin 11 hypothalamic systems to maintain 
proper body fluid homeostasis. Therefore, even though 
the concentrations of ANP and BNP in the brain are 
much Sower than those in the heart, these natriuretic 
peptides probably do have roles as neurotransmitters. 

CNP appears to be localized exclusively to the central 
nervous system or to cells derived from the neural crest. 
Radioimmunoassay results indicate that CNP levels are 
1.5 -10 times higher than ANP and BNP in porcine 
brain (0.79 versus 0.06 and 0,52 pmol/g, respectively)* 4 
and 30-70 times higher in human brain (1.04 versus 
0.039 ami 0-015 prnol/g, respectively}. 35 The significant 
levels of CNP-iike immunoreactivity detected in both 
porcine and human heart (1-5 pmoi/g) have been 
shown to be cansed completely by cross-reactivity with 
the extremely high concentration of ANP. 35 RNA blot 




Figure 2, Diagrammatic comparison of the mature iutsnan atrial (ANP), brain (BNP), and C-type (CNP) natriuretic peptides. 
Conserved residues of ANP, 1 - BNP, 23 and CNP 2 * are represented by darkened boxes. The line between the two cysteines in each 
peptide indicates a disulfide bridge. 
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Fjgurh 3. Diagrammatic comparison of She amino acid sequences of human, porcine, and rat atrial (ANP). brain (BNP), and 
C-type (CNF) natriuretic peptide prohormones. Panel A: Hitman, 27 porcine, 29 and raf- 11 ANP prohormone sequences. Arrows 
indicate sites of processing for synthesis of mature ANP (99-126). Pastel B: Human,- 11 porcine, 30 and rat- 1 BNP prohormone 
sequences, All three hormones can be cleaved to form BNP-32. The porcine and rat prohormones are also processed to yield 
pBNP-26 and rBNP-45, respectively. Pane! C: Human. 24 porcine, 26 and mi 25 CNP prohormone sequences. Potential processing 
sites for both CNP-22 and CNP-53 are shown. 



analysis of various rat tissues confirms this result and 
identifies a major transcript for CNP solely in the. 
brain. 2 ' No hybridization is seen to RNA from atrium, 
ventricle, lung, liver, stomach, or intestine. Although 
CNP has been shown to have natriuretic, diuretic, and 
hypotensive effects in vivo, it is significantly Jess potent 
than either ANP or BNP. 1 *" 1 It is possible that CNP's 
primary biological activity is not as a classic natriuretic 
peptide with peripheral sites of action. Ths expression 
of the CNF gene exclusively in the nervous system 25 and 
its high neuronal concentration compared with ANP 
and BNP 35 suggest that CNP may act as a neurotrans- 
mitter to coordinate central aspects of salt and water 
balance and blood pressure. Further studies on the 
physiology of CNP may help clarify its role, 



Natriuretic Peptide Receptors 
Most of the biological activities of the natriuretic 
peptides are thought to be mediated by intracellular 
accumulation of guanosine 3 ',5 '-monophosphate 
(cGMP) through the activation of particulate guanylyl 
cyclase, 53 - 5 * Molecular cloning studies have identified 
three different natriuretic peptide receptors (NPRs; 
human receptors are shown schematically in Figure 
4) »-«o -fwcs of these, NPR-A and NPR-B (also called 
GC-A and GC-B), are members of the newly described 
family of receptor guaoylyl cyclases. These receptors are 
single transmembrane proteins whose extracellular do- 
mains are 44% identical The intracellular regions of 
these proteins can be divided into two domains. The 
approximately 250-amino-acid C~terminal portion of 
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Figure 4. Diagram of the natriuretic peptide receptor 
(NPR) family. Schematic of the. tlvree known receptors is 
presented. Percentages indicate percent sequence identity 
within protein domains for the human receptors. See text for 
details. 

NPR-A and NPR-B is the guanylyl cyclase catalytic 
domain, which is activated upon binding of the appro- 
priate natriuretic peptide to the extracellular detain. 
This catalytic region has the highest amount of se- 
quence identity between NPR-A and NPR-B (88%). 
The other known mammalian member of the receptor 
guanylyl cyclase family, the heat-stable enterotoxin re- 
ceptor (STa R, GC-C or the guanylin 61 receptor) is 55% 
identical to NPR-A and NPR-B in this region. 6163 in 
addition, this region is highly homologous to the soluble 
guanylyl cyclases* 465 and to regions within adenylyi 
cyclase, 66 

The second intracellular domain in these proteirss is 
the approximately 280 amino acids that immediately 
follow the transmembrane domain. This region (the 
kinase homology domain, or KHD) has only approxi- 
mately 30% identity to both soluble and membrane- 
bound forms of protein kinases, 55 - s$ fi7 whereas NPR-A 
and NPR-B are approximately 60% identical its this 
region. However, more than 80% of the key invariant or 
conserved residues found in all protein kinases 67 are 
present in NPR-A and NPR-B. The functional signifi- 
cance of this homology to protein kinases is unclear. So 
far, ho kinase .activity has been detected in the guanylyl 
cyclase receptors. 

The third member of the NPR family is NPR-C 
(Figure 4). Molecular cloning 5 '' showed that this recep- 
tor contains a very short 37-amino-aeid cytoplasmic tail 
that bears no homology to the intracellular domain of 
any other known receptors, Its extracellular domain, 
however, is approximately 30% identical to NPR-A and 
NPR-B. Binding studies have demonstrated that 
NPR-C has a much less stringent specificity for struc- 
tural variants of ANP than does NPR-A or NPR-B.* 8 
This pharmacological difference was among the first 
biochemical evidence to suggest heterogeneity within 
NPR subtypes. The physiological role for NPR-C is not 
clear. Maack et al 59 have postulated that this protein 
functions as a clearance receptor to remove large 
amounts of ANP from the circulation or to store ANP 
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FiGUR£ 5. Graplis showing concentration-dependent stim- 
ulation of natriuretic peptide receptors NPR-A and NPR-B by 
natriuretic peptides. Tissue culture cells transiently expressing 
human NPR-A (panel A) or NPR-B (panel B) were treated 
with increasing concentrations of human natriuretic, peptides, 
and the levels of intracellular cGMP were determined. ANP, 
BNP, CNP, atrial, brain, and C-type natriuretic fjeptides. 

and release it slowly, In fact, litis receptor is quite 
abundant in vascular tissue, where it may serve to absorb 
excess ANP and protect against the sudden onset of 
dangerously low blood pressure. Recent evidence, how- 
ever, has suggested that NPR-C may mediate the biolog- 
ical effects of ANP through second messengers other 
than cGMP. For example, analogues of ANP known to 
interact specifically with NPR-C have been shown to 
inhibit the production of cyclic AMP (eAMP) in various 
tissues 7 " and activate the phosphoinositol pathway in 
aortic smooth muscle ceils, 71 However, experiments mea- 
suring various signal transduction pathways in cells ex- 
pressing the cloned human NPR-C have not yet beet; 
successful. rj 

The three NPR subtypes each recognize the three 
known natriuretic peptides differentially. Dose- 
response curves for stimulation of the guanylyl cyclase 
of NPR-A and NPR-B demonstrate that these, receptors 
can be selectively activated (Figure S), 73 - 7 " Tissue cul- 
ture cells transiently expressing the cloned human re- 
ceptors were stimulated with various concentrations of 
the human hormones, and intracellular cGMP levels 
were determined. Both ANP and BNP can effectively 
stimulate NPR-A; BNP, however, is approximately 10- 
fold less potent. CNP, in contrast, does not significantly 
increase intracellular cGMP in cells expressing NPR-A. 
For NPR~B~expressing ceils, only CNP can effectively 
stimulate the receptor's enzymatic activity. Neither 
ANP or BNP increased cGMP levels in these cells 
except at very high, nonphysiological concentrations. 

Binding studies by Bennett el al 73 on the extracellular 
domains of the receptors show a correlation between 
the ability of the natriuretic peptides to stimulate 
guanylyl cyclase activity and the affinities of these 
hormones for the binding domains of the receptors 
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tThe dm obtained for aBNF btadfeg i<s NPR-A wets. aes?, 
represented *S a t*»>sRs model, 

(Table 1). Both A^F asd RNF can bitsd NFS- A with 
relatively high aisnity, not ANP is 4-7$ times more 
potent than BNP. This result .corresponds well with the 
1.0-fold dit&reuee in EQ*s> sf these honnoans to s«bs- 
ttlat« NFR-A cycisse activity, la Edition, CNP also 
does sot effectively Mad to NFR-A, «ve» at very high 
concentrations. For NFR-R, only CNF can bind with, 
-extreme*? ttigh- affinity, MPR-B's stfMtf for CNF is 
approximately three orders of S!«g»ttadfi greater than 
iw either AN* or BNP, Therefore, tk© *ank order of 
potency of the aairlnrotis peptides for binding to and 
tor stim»lask>8 of NFB.-A and NPR-.B is kietiticai. Ail 
three of the hatnan hprtnones and a remarkabk diver- 
sity: of natriuretic aomsoaes sad analogues** bind 
NFR-G with high affinity. This result could be ebnxis- 
teat: with a possible role for NFR-G m * hornronai 
barierlhg system** to regniate circulating levels of all 
forms of teMuretie peptides. 

Becnts.se the NFR-A guanyiyl cyclase is activated by 
both ANF and BNB> and both hormones h«v« stellar, 
physiological effects its vitro^ mi as vivo^s it is 
possible that these two cardiac honnoaes exert their 
actions atimsriSy through the same receptor, i.iS. } 
NFR-A. However, recent la vivo infusion experiasenrs 5 ' 
and studies of ANF and BNP levels** is patients with 
coijgesfive heart faihsre indicate that these t*o bar- 
asortes have discrete physiakxgkal roles (see disesssioa 
above) m&> sherefore, xaay interact with distinct recej^- 
•tors. Perhaps there is an as yet arndentihed raeasber of 
the NFR gsnayfyi cyclase faaiily that is specifically 
activated by BNP, Beeaese the seqxteiicss M ANF and 
CNF are highly Coaserved acress spotks, as are the 
sequences of their receptors, NFE- A and NPR^B, 5 *-^ 
respectively, it k possible that a BNF-specihc receptor 
exists that displays as much structural diversity saxsng 
specks; as does BNP Itself, 

$ todies on the localisation of the NFRs have been 
hampered by the lack of good aatibodies far imjainao- 
Islshscbejiiical studies. B««ep!or snsaradl^raphie ex- 
iserimeats asiag. U5 I-ANP to evaluate biadisg la varioas 
tissHes ?;f have the -drawback thst tbis teehjii^ae does not 
distinguish befweeu dse aobsypes of NFBs, heeaaso 
both NFR-A and NFR-C bhsd ANP whn Mgh affiaity, 
Receritiy, the. diSereasial expyessltss of the raRNA for 
the three receptors has been eaamkted in |s«ntate tissne 




¥mti&& Sfrgmpks- shmwg <0ci qf (he dektim of the 
kimss homdesydemtm (KtW ®& «N ccfivhv of the $umm 
wtriumic peptide mmpior (NFR} gmnyfyl iwiktsm- COS 
t-dk exprnssteg ike mid iype fMP&A md NPH-H), or kimse' 
homology domain Meted (MS) and B&KHD i mspiars: 
Of ctmiml ceih xsaw stimukikid mlh evn&mrtstiem 
afihe ittdsmM human nairiimsk peptde, md immediate? 
tcGMP ms ti&wmed. AMP, CN'B, amal md C-type ttairi> 
umssctK'pti&t. 

by «se of la situ bybridkatioa.'^ These studies snggest a 
eorrelatioa hetwees the tasowa sites of actions of the 
IsonTtosies and the sites of .receptor syatbesls,. Bhr m&m* 
pie, Hm-A saRNA is presest is the kidney, adreaal, 
heart, and to a lesser esfent, rsraia, NFR-B saKNA, oh 
the other: hand, appears to be localised solely to aea- 
ronaiiy derived tissue such as the brhiu, pitaifary:, and 
adrenal saedalla, as is Its ligand, CNF, No specific 
hybridfeafioa was seen in the heart or kidne^v The 
mRNA eoeodiag NPR-C is found hi the heart, kidney, 
and feraia as well as within discrete clusters of sells 
thronghaut the adreaai cortex and aicdtdla. 

Moiocalar closing experiments deasaxsstrated etjnelu- 
sivdy that two of the receptors for tire natriuretic 
peptides {NFl-A and NFR-B) coafalned the proteta 
moiety necessary for syrstlicsixing their second messen- 
ger, eGMF, on the same- polypeptide as the blading 
doataia. 1, ' 5S This resak has renewed the Interest of 
many Investigators is uaderssaadiag the mdecalar basis 
lor the Escehanisms of reguiatasg fire goanyiyi cyclase 
activity of these receptors. Studies of NFR-A, aud more 
jecesfly NFR-B, have saggestsd that the KBD has an 
iKfifs»tant role in transdacing the signal generated by 
horaioae binding; e.g., stauniatiou of cCIMF prssdne- 
tkss^ 79 ATP has bcee shows to he essential for or to 
cM*le poieatsation of the cyclase activity of NPR- A, saS;i: 
It Is attractive to speculate that ATP acts by interacting: 
with the KMD, because this region contains a glycine* 
rich oaefeotide binding motif. Mutant NFR protelas in 
whteh the fCBD has been deleted (AARHO or 
IMfeHD) eoastifutively produce c®t\W^ indepea- 
deat of the htadiag of~uatr»netic peptides (Figure 6), 
atsd ATP no longer suodulafes the eaaymatlc activity of 
AARHB.^ These revolts suggest that the RHD acts as 
a negative regulator of cyclase aetiviry and that hor- 
taone hiadhtg to the extraeeliular domain releases this 
snhibkioa. The tyrosine kinase- activity of the epidermal 
growth factor receptor (EOF R) appears to he regu- 
Ikted In a slosiiar ntauner. The C-kmmpm of this 
receptor Intar^cfs with the catalytic domain to suppress 
phosptefyiatloB- 83 EOF binding causes a cbsfos«aatksa 
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Figure 7. Diagram ofguanyfyi cyclase activity of chimeric receptors. Chimeric receptors generated by altering Ike cDNA for 
these proteins were expressed in tissue culture cells and stimulated with human natriuretic peptides. EGF R, epidermal growth 
factor receptor; STa R, heat-stable enterotaxin receptor. The ability of these receptors to synthesize cGMP after hormone binding 
is indicated by + or -. See text for details. NPK natriuretic peptide receptor; ANP, CNP, atrial and C-type natriuretic peptides; 
im. transmembrane domain. 



change, receptor dimerization, and stimulation of the 
receptor's enzymatic activity. 83 

Chimeric receptors in which the KHDs have been 
exchanged have been used to study the role of this 
domain in the regulation of the guanylyi cyclase activity 
of NPR-A and NPR-B.™ When the kinaselike domains 
were exchanged between NFR subtypes, no loss in 
regulation of guanvlyi cyclase activity was detected 
(A[B]A and B[A]B in Figure 7), The KHD of NPR-A 
could correctly regulate the cyclase activity of NPR-B 
and vice versa. In addition, the ligand specificity of the 
receptor was not changed by the presence of the alter- 
native domain; i.e.. both NPR-A and A[B]A were 
stimulated by ANP and not CNP, and NPR-B and 
B[A]B were activated only by CNP. 

Chimeric proteins made with homologous portions of 
structurally related receptors, however, were inactive 
(Figure 7). When the KHD of NPR-A was replaced 
with the kinase domain of the EGF R (AfEGF RjA) or 
the KHD of the STa R (A[STa R]A), the resultant 
proteins were unable to correctly regulate the guanylyi 
cyclase activity. One possible explanation for these 
results is that although the identity between the kinase- 
iike domains of NPR-A and NFR-B is 60%, these two 
NPRs are oniy 30% identical to either the STa R or the 
EGF R in the same region. These types of experiments 
indicate that the KHD is obviously an important regu- 
lator of the enzymatic activity of receptor guanylyi 
cyclases and may be the site of action for the effect of 
ATP, but understanding of the mechanism of this 
regulation awaits further study. Perhaps site-specific 
mutations within the kinase like domain ml] help answer 
this question. 



After the description in the past 5 years of BNP and 
CNP, interest in the natriuretic peptide family has 



dramatically increased. Molecular characterization of 
the receptors for this hormone family has identified a 
heterogeneity in the receptor subtypes not previously 
alluded to by pharmacological or biochemical studies. 
Much has been published on the physiology of ANP, but 
the major roles for BNF and CNF remain to be eluci- 
dated. Some experiments indicate that ANP and BNF 
may act synergtstieally, especially during cardiac 
stress 36 37 ; however, the high level of structural diversity 
of BNP among species and the ability of porcine BNF, 
but not human BNP, to activate human NPR-B 73 sug- 
gest that an as yet unidentified receptor may exist that 
specifically recognizes BNP. Localization studies have 
implied that CNF is the most prominent neuropeptide 
in the natriuretic peptide family, and the restriction of 
its receptor, NPR-B, to the nervous system suggests that 
CNP and NPR-B may act in the brain to coordinate the 
central aspects of body fluid homeostasis. 

Of the three known NPRs, two, NPR-A and NPR-B, 
are capable of synthesizing their own second messenger, 
cGMP. The domain within these receptors that has high 
homology to protein kinases has been demonstrated to 
be essential for regulating this activity. No kinase activ- 
ity has been measured in these proteins, but it is 
possible that this region is important for ATP regulation 
of guanylyi cyclase activity. This possibility raises inter- 
esting parallels with receptor-mediated cAMP signaling 
within ceils.* 4 Seven transmembrane receptors, once 
activated by ligand, associate with G proteins to affect 
the activity of adenylyl cyclase. This process is modu- 
lated by guanine nucleotide binding to the intermediate 
G protein. Perhaps guanylyi cyclase activity is regulated 
in a similar manner by adenine nucleotide binding to 
the kinaselike domain of the NPRs. The third type of 
natriuretic peptide receptor, NPR-C, is the mast abun- 
dant and most widely distributed in various tissues. It 
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has no known enzymatic activity, but it can bind all 
three natriuretic peptides, as well as a wide range of 
structurally related analogues, with high affinity. The 
physiological role for this receptor is still unclear; it may 
serve as a clearance receptor to protect against acute 
hypotension, or it may signal through second messenger 
pathways other than cGMP. 

The characterization of the natriuretic peptide and 
receptor families suggests a complex mechanism for the 
body's control of fluid homeostasis and blood pressure. 
A more complete understanding of the physiological 
roles of the members of these families may help in the 
development of new therapeutic agents to control such 
pathophysiological states as hypertension, congestive 
heart disease, and renal failure. 
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Chapter summary 

Immune responses are initiated in the T-cell areas of secondary lymphoid organs where naive 
T lymphocytes encounter dendritic cells (DCs) that present antigens taken up in peripheral tissues. 
DCs represent the interface between the universe of foreign and tissue-specific antigens and 
T lymphocytes, and they are the key players in the regulation of cell-mediated immunity. We discuss 
how the nature of the DC maturation stimuli and the density and quality of DCs present in the T-cell 
areas of secondary lymphoid organs determine the magnitude and class of the T-cell response. 

Keywords: dendritic cells, effector and memory T cells, T-cell activation, T-cell tolerance 



Introduction 

DCs possess specialized features, such as pathogen 
recognition, antigen capturing and processing machinery, 
migratory capacity and costimulatory molecules, that allow 
them to act as the professional antigen presenting cells 
(APC) [1]. DCs represent the interface between the uni- 
verse of foreign and tissue-specific antigens and T lympho- 
cytes. They also play a role in all aspects of T-cell 
responses, from the deletion of self-reactive thymocytes to 
the generation of effector and memory cells, as well as the 
induction of peripheral tolerance. 

In this review, we shall discuss how DCs provide a qualita- 
tive and quantitative framework for T-cell antigen recogni- 
tion. We shall first summarize the requirements for T-cell 
activation and differentiation in terms of concentration of 
peptide-MHC complexes, costimulatory molecules and 
cytokines. We shall then consider how DCs assemble 
these components and deliver them, as discrete short- 
lived packets, to the T-cell areas. Finally, we shall discuss 
how the nature of the DC maturation stimuli determines 



the density and quality of antigen-carrying DCs and, con- 
sequently, the magnitude and class of T-cell responses. 

Activation and differentiation of naive T 
lymphocytes 

The signals that lead to T-cell activation are generated at 
the level of the immunological synapse, a specialized area 
of contact between T cells and APC where adhesion mol- 
ecules and TCRs segregate into distinct supramolecular 
complexes [2,3]. At the synapse, the TCRs are sequen- 
tially triggered by peptide-MHC complexes, a process 
that allows the signal to be sustained for as long as the 
synapse is in place [4,5]. Synapses are stable in the 
absence of disturbing influences, but they can be dis- 
rupted by cell division, by death of APC or by external 
influences, such as collagen or chemokines. T cells contin- 
uously search for antigen and can rapidly shift from one 
APC to another offering a higher level of stimulation. While 
the duration of TCR stimulation depends on the duration 
of the synapse, the intensity of signal that T cells receive is 
dependent both on the level of peptide-MHC complexes 
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that trigger TCRs and the level of costimuiatory molecules 
that amplify the signaling process [6], 

The efficiency of signal transduction varies with the nature 
of the ARC and the T celt's developmental stage [6.73- In 
activated, effector and memory T cells, ICR triggering Is 
efficiently coupled to signal transduction pathways so thai 
Ihe ceils car; respond to low doses of antigens even in the 
absence of costimulalion. In contrast; TCRs are ineffi- 
ciently coupled in naive T cells. Engagement of CD2S by 
87 molecules expressed by professional APC recruits 
membrane rafts containing kinases and adapters to the 
synapse, and amplifies up to 100-fold the signalling 
process initiated by the TCRs. In the absence of co-stimu- 
lation, naive T cells can thus be activated only by extremely 
high (nonphysloiogic) doses of antigens and they require a 
prolonged stimulation, while in ihe presence of costimula- 
tion they can respond to -100-foid lower doses of antigen 
and can also respond more rapidly. Depending on ihe 
antigen dose and the level of cosiimutation, naive T cells 
require between 6 and >30 hours of TCR stimulation to 
become committed to cell division, while memory/effector 
T cells respond within 0.5-2 hours [7]. 

Once committed to division, T cells proliferate rapidly in 
response to IL.-2, which is produced in an autocrine or 
paracrine fashion by activated T cells. We have shown 
thai ihe duration of TCR stimulation together with polariz- 
ing cytokines determines the progressive differentiation of 
CD4 + and CD8 + T cells, leading to the generation of ter- 
minally differentiated effector cells as well as intermedi- 
ates [8,9], T cells that receive a short TCR stimulation 
proliferate, but fail to differentiate to effector cells and 
retain the lymph-nods homing capacity characteristic of 
naive T cells. In contrast, T ceils that receive a prolonged 
TCR stimulation in the presence of IL-1 2 or iL-4 differenti- 
al e to Th1 or Th2 ceils. As par; of their differentiation pro- 
gramme, Th1 and Th2 cells lose the lymph-node homing 
receptors anci acquire receptors that control their migra- 
tion to inflamed ncnlymphoid tissues where they can 
execute effector functions. 

T cells interact with DCs in a highly dynamic environment 
where they have to compete to achieve a level of TCR 
stimulation sufficient to drive their activation and differenti- 
ation processes. We suggest that the progressive 
process of T-eell differentiation combined with the sto- 
chastic stimulation of proliferating T cells by random T 
cell-DC interactions leads to the generation of both inter- 
mediates and terminally differentiated cells within the 
same responding clone (Fig. 1 ) (F Sailusto, unpublished 
data). We consider this iniraclonal diversification as a fun- 
damental property of the immune system since, on the one 
hand, it prevents clonal exhaustion and, on the other, it 
allows the generation of distinct T-cell subsets that play a 
role In effector and memory responses [5], The iniraclonal 
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differentiation model is supported by the existence of dis- 
tinct subsets of memory ceils: 'central memory' cells that 
represent intermediates, and 'effector memory' cells thai 
represent terminally differentiated cells |10j. 

The DC maturation process 

DCs that migrate from tissues to lymph nodes have a life 
expectancy of only a few days and can therefore be 
viewed as disposable packets, each carrying a given 
amount ol peptide-MHC complexes, eostlmuiatory mole- 
cules and cytokines. These packets are assembled during 
DC maturation, a process that is Initiated by pathogens 
and/or inflammatory stimuli. The production of homoge- 
neous populations of human immature DCs from human 
peripheral blood monocytes cultured with granulocyte/ 
macrophage-eolony-stlrniiiating factor and IL-4 [11 J has 
been instrumental in Identifying the maturation stimuli and 
in dissecting the DC maturation process (Fig. 2). 

DC maturation is triggered and modulated by a variety of 
receptors for microbial products, cytokin.es and T ceils 
[1 2,1 3]. Human monocyte derived and myeloid DCs express 
several Toil-like receptors such as TLR2 and TLR4 that 
trigger maturation in response to bacterial peptidoglycan 
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and lipopolysaccharide, respectively, interestingly, these 
receptors are absent in piasmacytoid DCs (also known as 
inierferorvprodueirtg cells [IPC]) that instead express 
TLR9, which mediates the response to CpG DNA [14.15]. 
The differential responsiveness; of myeloid arid piasmacy- 
toid DCs to pathogens underlines a division of labour 
between human DC subsets. DC maturation can be also 
triggered by tumour necrosis factor (TNF)-a and !L-1.. and 
can be inhibited by IL-10. Finally, all DC types are exquis- 
itely sensitive to T-cell feedback signals delivered by acti- 
vated T ceils through GD40 liganc (CD40L). 

The maturation process coordinate^ regulates antigen 
capturing, processing and presentation, expression of 
costimulaiory molecules, cytokine production and lifespan. 
Immature DCs are extremely efficient in antigen capture 
since they possess high levels of constitutive 
macropinocytosis and express enriocytic receptors for 
microbial patterns, such as the manrtose receptor [18]. 
Maturation increases synthesis ol MHC class II molecules, 
while decreasing their degradation, thus favouring the 
rapid accumulation of long-lived peptide-MHC com- 
plexes, which are retained lor several days, while class II 
synthesis is shut off 11?]. Presentation on MHC class I 
molecules is also enhanced by an approximately 10-foid 
increase m the rate of synthesis, which is sustained m 
mature DCs [18j. DCs are capable of transporting phago- 
cytosec antigens from the endocytic compartment to the 
cytosoi, leading to their 'cross-presentation 1 to CDS'* 



T cells [19,20], Finally, maturation stimuli upregulate the 
expression of 87.1 and B7.2, thus enhancing the T-cell 
stimulatory capacity of DCs. While the upregulation of 
MHC molecules ensures higher capacity for antigen pre- 
sentation, upregulation of ccstimulstory molecules ensures 
an efficient amplification of signalling In naive T cells. 

Cytokine production by DCs Is subject to a tight regulation, 
which is particularly relevant in the case of IL- 1 2 and IFN-I, 
the major Tht -polarizing cytokines [21]. 11*12 production is 
elicited by most pathogens and is boosted by activated T 
cells through CD40L [22j. In contrast, IL-1 2 is not induced 
by other maturation stimuli such as TNF-a, H.-1, and 
cholera toxin. IL-1 2 production can be modulated by 
cytokines and mediators present during induction of matu- 
ration: tFN-yartti IL-4 enhance IL-1 2 production induced by 
appropriate stimuli, while prostaglandin E K and IL-10 exert 
an inhibitory effect. In addition, one has to consider that IL- 
1 2 production Is restricted to a narrow temporal window, 
8-1 6 hours alter induction of DC maturation [9] In 
summary, the Thl -polarizing capacity of DCs is contingent 
on a number of variables that include the lineage of DCs. 
the microenvironmeni m which they are stimulated, the mat- 
uration stimuli, and the kinetics of maturation (Fig. 3). 

Dynamic changes in DC type and 
concentration Impact on T-cell responses 
Because the half-life of mature DCs is short and because 
cytokine production is transient, the number and type of Si 29 
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DCs present in the T-cell areas will reflect, in highly 
dynamic fashion, the conditions of the tissues from which 
the iymph is drained. Under steady-state conditions, only a 
few tissue-resident DCs 'spontaneously' mature and 
migrate to the draining lymph nodes, carrying antigens and 
apoptotic bodies taken up in peripheral tissues [23]. 
These migrating DCs do not induce effector responses, 
but rather trigger an abortive T-ceii proliferation that leads 
to immunological tolerance {24,25}. it is possible thai 
spontaneously matured DCs deliver to T cells a qualita- 
tively distinct toierizirtg signal. Alternatively, according to 
the progressive differentiation model, we suggest that the 
low frequency and short lifespan of these DCs, together 
with the low level of antigen and B?, may deliver a weak 
stimulus to T cells, which is not sufficient to sustain prolif- 
eration and to promote differentiation. 

When pathogens (or adjuvants) are present in peripheral 
tissues, resident DCs are activated en masse and migrate 
to the draining lymph nodes. At the same time monocytes 
are recruited from peripheral blood into inflamed tissues, 
where they rapidly differentiate to DCs that capture anti- 
gens and, on maturation, migrate to the draining lymph 
nodes. This mechanism sustains antigen sampling and 
presentation for extended periods of time. Maturing DCs 



produce large amounts of inflammatory cytokines and 
chemokines that promote monocyte recruitment [28]. The 
relative role of tissue-resident DCs. such as Langerhans 
cells and dermal DCs, versus recruited DCs, such as 
monocyte- derived DCs and IPC, remains to be estab- 
lished. Production of iFN-l by IPC may be important to 
promote maturation of monocytes and to protect them 
from the cyicpathic effects of viruses [27,28], 

In summary, under inflammatory conditions, the T-cell 
areas of draining iymph nodes receive large numbers of 
highly stimulatory DCs for a sustained period of time. The 
high DC density and the high levels of antigen and 87' 
molecules deliver a strong and sustained stimulation to 
specific. T cells, leading jo their rapid proliferation and dif- 
ferentiation. High levels of IL-2 are produced under these 
conditions and drive clonal expansion of committed T cells 
irrespective of whether they continue to receive TCR stim- 
ulation. One should also consider thai DC-T cell Interac- 
tion results in a reciprocal stimulation. Activated T ceils 
trigger DCs via CD4CL or TNF-related activation-induced 
cytokine, improving their T-ceii stimulatory capacity, boost- 
ing IL-12 production, and prolonging their lifespan [29], It 
is possible that regulatory T cells may suppress antigen 
presentation by DCs via production of inhibitory cytokines 
or by direct contact [30]. 

There is growing evidence that the capacity of DCs to 
induce Th1 or Th2 responses is contingent on appropriate 
stimulation and timing (Fig. 3). As already discussed, 
myeloid DCs produce IL-12 only in response; io some 
pathogens or CD40L, and within a narrow time window. In 
addition, IPC produce large amounts of IFN-l, another 
Thl -polarizing cytokine, in response to viruses but not in 
response to CD4GL, again, only within a narrow time 
window. In contrast, Th2 responses may be induced by 
DCs that do no; produce Th1 -polarizing cytokines, either 
because they have been conditioned by nonperrnlssive 
stimuli or because they have exhausted their IL-1 2 or IFN- 
S-producing capacity. In this case, Th2 polarization is 
driven by IL-4 produced by T ceils themselves or derived 
from exogenous sources, such as natural killer T ceils or 
mast cells. It is worth considering that the dynamics oi DC 
migration to the draining iymph nodes may lead to prefer- 
ential generation of Th 1 cells during the early phases of 
the immune response, when active DCs enter the T-csil 
areas in large numbers. This is followed by induction of 
Th2 and nonpolarized T ceils at later time pomis when the 
influx of DCs ceases and the DCs surviving in the T-ceii 
area exhaust their IL-1 "-producing capacity [31]. 

Competition for DC shaping T~ceU responses 
The availability of antigen-presenting DCs and of antigen- 
specific T-cell precursors represents the limiting factors in 
the immune responses. There is growing evidence that 
responding T cells compete in vivo for access to DCs and 
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that this competition can be relieved by providing more 
DCs [32]. At the initial phase of a primary response, the low 
frequency of naive T cells specific for a given antigen makes 
competition among responding cells unlikely. However, as 
the responding cells proliferate, competition for sustained 
TCR stimulation will increase, particularly among cells of the 
same clone, which have the same avidity and occupy the 
same niche. This intraclonal competition contributes to func- 
tional diversification: T cells achieving a sustained stimula- 
tion differentiate to effector cells, while those receiving a 
short stimulation remain in an intermediate state giving rise 
to central memory T cells. In contrast, interclonal competi- 
tion may take place preferentially in secondary responses 
due to the larger numbers of antigen-specific cells present, 
and may therefore explain the selection of high-avidity 
T cells under these circumstances. 

Conclusions 

It is becoming increasingly clear that DCs provide the 
adaptive immune system with the essential function of 
context discrimination. DCs can integrate multiple stimuli 
from pathogens, inflammatory cytokines and T cells, and 
can provide distinct outputs in terms of antigen presenta- 
tion, costimulation and cytokine production. Like other 
cells involved in the innate immune response, DCs 
produce large amounts of inflammatory chemokines that 
contribute to the recruitment of DC precursors in inflamed 
tissues, thus sustaining antigen sampling in peripheral 
tissue and presentation to T cells in lymph nodes. Finally, 
the T-cell activation and differentiation programme trans- 
lates antigen concentration, cytokine and costimulatory 
molecule composition, and DC density into distinct cell 
fates ranging from tolerance to inflammation, cytotoxicity 
and memory. 

Glossary of terms 

APC = antigen presenting cells; CD40L = CD40 ligand; 
DC = dendritic cell; IPC = interferon-producing cells. 
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Nitric oxide and cGMP protein kinase (cGK) regulate dendritic-cell migration 
toward the lymph-node-directing chemokine CCL19 

Daniela Giordano, Dario M. Magaletti, and Edward A. Clark 



activity via negative feedback. Indeed, 
migration of DCs toward CCL19, unlike 
migration toward CXCL12 (SDF-1ot), re- 
quired inhibition of cGK. LPS increased 
both cGK expression and cGK activity as 
measured by phosphorylation of the key 
cGK target vasodilator-stimulated phos- 
phoprotein (VASP). Because cGK phos- 
phorylation of VASP can disrupt focal 
adhesions and inhibit cell migration, LPS- 
induced VASP phosphorylation may pre- 
vent DCs from migrating without a sec- 
ond signal. Long-term NOR4 treatment 



inhibited the increase in cGK-dependent 
VASP phosphorylation, releasing this 
brake so that DCs can migrate. NO has 
been implicated in the regulation of auto- 
immunity through its effect on T cells. 
Our results suggest that NO regulation of 
DC migration and cytokine production 
may contribute to the protective effects of 
NO in autoimmune disorders. (Blood. 
2006;107:1537-1545) 
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Dendritic-cell (DC) migration to second- 
ary lymphoid organs is crucial for the 
initiation of adaptive immune responses. 
Although LPS up-regulates CCR7 on DCs, 
a second signal is required to enable 
them to migrate toward the chemokine 
CCL19 (MIP-3B). We found that the nitric 
oxide (NO) donor NOR4 provides a signal 
allowing LPS-stimulated DCs to migrate 
toward CCL19. NO affects DC migration 
through both the initial activation of the 
cGMP/cGMP kinase (cGMP/cGK) pathway 
and a long-term effect that reduced cGK 

Introduction 

Dendritic cells (DCs) activate naive T cells in peripheral lymphoid 
tissues and play a pivotal role in initiating and instructing adaptive 
immune responses. 12 At the site of infection where they take up 
antigens, DCs also contribute to innate immunity: They recognize 
and respond to common pathogen-associated molecular patterns 
(PAMPs) by releasing proinflammatory products that regulate other 
inflammatory cells. 3 In a later phase, recognition of PAMPs triggers 
a complex maturation program that results in the increase in DC 
antigen-presenting ability and responsiveness to chemokines like 
CCL19/MIP-3B, which promote DC migration from peripheral 
tissues to secondary lymphoid organs. 4 5 

The outcome of an immune response depends not only on the 
pathogen that activates DCs but also on various inflammation- 
associated factors that modulate DC maturation and determine 
whether DCs polarize T-cell development into T helper 1 (Thl)-, 
Th2-, or regulatory T-cell subsets. 6 Prostaglandin E2 (PGE2) and 
other inflammatory products that act through the cAMP/cAMP 
kinase (cAMP/cAK) signaling pathway can affect DC maturation 
and drive them toward a Th2-inducing program. 7 " 9 These agents 
also regulate DC chemokine and chemokines receptor expression; 
they down-regulate receptors for inflammatory chemokines like 
CCR5 while increasing CCR7 or CXCR4 receptors for CCL19/ 
MIP-3B and CXCL12/SDF-la, respectively. 10 " 12 

Interestingly, inflammatory agents are required for mature DCs 
to be able to migrate toward certain chemokines. Even after 
monocyte-derived immature DCs (iDCs) are induced to mature and 
up-regulate CCR7, they remain unresponsive to CCL19 and do not 



migrate unless they are exposed to an inflammatory stimulus 
like PGE2 or ATP. 1215 The importance of inflammatory factors 
for DC migration to lymph nodes (LNs) has been underscored 
recently. 1617 EP4-deficient mice have Langerhans cells defec- 
tive in their ability to migrate to LNs and impaired contact 
hypersensitivity immune responses. 

Nitric oxide (NO) is a free radical gas produced during the 
development of inflammation by many cells, including macro- 
phages, endothelial cells, and granulocytes. 18 Although NO can be 
toxic and proinflammatory when produced in large amounts, it may 
also regulate adaptive immune responses. 1819 NO protects human 
and mouse DCs against apoptosis in models of sepsis. 20 NO also 
inhibits IL-12 and regulates MHC distribution during the matura- 
tion of mouse DCs, 21 - 22 but the role of NO in human DC maturation 
is still unclear. 

Because NO acts principally through the cGMP/cGMP kinase 
(cGMP/cGK) signaling pathway, which often has effects similar to 
cAMP/cAK, 23 we hypothesized that NO might also be an important 
regulator of DC migration. We found that the addition of the NO 
donor, NOR4, during DC maturation enables DCs to migrate 
toward CCL19. We investigated the mechanisms by which NO 
couples CCR7 to the signal transduction involved in migration and, 
in particular, the cytoskeletal protein vasodilator-stimulated phos- 
phoprotein (VASP), a target of cGK involved in cytoskeletal 
rearrangements occurring during cell migration. 24 26 Here we show 
that LPS stimulation induced a large increase in cGK expression 
and activity in DCs, leading to increased cGK-dependent VASP 
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phosphorylation that impairs the ability of DCs to migrate. The 
presence of NO during DC maturation as a long-term effect 
decreased cGK-mediated phosphorylation of VASP. Thus, the 
enhanced ability to migrate induced by NO may be due in part to an 
increase in the amount of unphosphorylated VASP available to help 
form focal adhesions once DCs are stimulated by chemokines. 



Materials and methods 

Generation of iDCs and cell cultures 

iDCs were generated from human CD14+ monocytes obtained from 
leukapheresis of healthy donors and treated with IL-4 and granulocyte- 
macrophage colony-stimulating factor (GM-CSF) for 5 days as described. 27 
After 5 days, cells had an iDC phenotype: CD14~, CDla ++ , CD86 + , 
HLA-DR ++ . In some experiments iDCs were seeded at 1.2 X 10 6 to 
2 X 10 6 cells per 2 mL in 12-well plates in RPMI 1640 with 5% FBS with 
or without graded doses of Escherichia coli LPS (0.25 to 1 u.g/mL) (Sigma, 
St Louis, MO) alone or with graded amounts of NOR4 (25 to 100 u.M) 
(Calbiochem, San Diego, CA) or the vehicle DMSO (Sigma). In other 
experiments the cGMP analog, 8-bromo-cGMP (8B-cGMP), (Sigma) was 
used to mimic an increase in cGMP levels. The highly specific cGK 
inhibitor DT-3 (Calbiochem), a membrane-permeable peptide that is 20 000 
times more selective for cGK (Ki = 25 nM) than cAK (K, = 493 u.M), 28 
was also used. In some experiments we used a specific cAK inhibitor 
derived from the endogenous protein kinase A inhibitor (PKI) consisting of 
the peptide sequence 14 to 22 of PKI (K, = 36 nM) that has been 
myristoylated at the N terminus (myrPKI) to enhance cell permeability 
(Calbiochem). 29 

Fluorescence-activated cell sorting (FACS) analysis 

DCs were stained with the following conjugated monoclonal antibodies 
(mAbs): CDla-PE (SFcI19thy 1A8) (Beckman Coulter, Miami, FL); CD14- 
FTTC (M$P9) (BD Bioscience, Lexington, KY); CD86-PE (IT2.2), CD83- 
FITC (HB15), CXCR4-PE (12G5), CCR5-FITC (2D7/CCR5), CD38-PE 
(HIT2) (BD Bioscience Pharmingen, San Diego, CA); CD54 (LB2/H616, 
Clark Laboratory, Seattle, WA). CCR7 was detected using mouse anti- 
human CCR7 (2H4) (BD Bioscience Pharmingen), followed by FITC- 
labeled rabbit antimouse specific for IgG and IgM (BioSource, Camarillo, 
CA). The intracellular detection of DC-LAMP was performed as de- 
scribed 27 using mouse anti-human DC-LAMP (104.G4) (Immunotech 
Beckman Coulter, Somerset, NJ). Fluorescence acquisition was done on 
FACScan analyzer (Becton Dickinson, San Jose, CA) and data analysis 
with CellQuest software. 

Cytokine detection 

IL-12p70, IL-6, TNF-a, and IL-10 enzyme-linked immunosorbent assay 
(ELISA) was performed on supernatants collected from DCs 24 hours after 
LPS stimulation with or without graded doses of NOR4 or 8B-cGMP. 
IL-12p70 ELISA (Duo Set; R&D Systems, Minneapolis, MN) was per- 
formed according to the manufacturer's instruction. IL-6, TNF-a, and IL-10 
were detected by ELISA in triplicate using a matched pair of cytokine- 
specific mAbs and recombinant cytokines as standards (BD Bioscience 
Pharmingen): capture anti-IL-6, MQ2-13A5; detection anti-IL-6, MQ2- 
39C3; capture anti-TNF-a, mAbll; detection anti-TNF-a, mAbll; cap- 
ture anti-IL-10, JES3-19F1; detection anti-IL-10, JES3-12G8. 

Migration assay 

DC migration was measured in duplicate using a transwell system (24-well 
plates; 8.0-|xm pore size; Costar, Corning, NY). A total of 600 u.L RPMI 
medium with or without 200 ng/mL recombinant human CCL19/MIP-30 or 
CXCL12/SDF-la (RDI, Flanders, NJ) was added to the lower chamber. 
Wells with medium only were used as a control for spontaneous migration. 
A total of 2.5 X 10 5 cells in 100 uX were added to the upper chamber and 
incubated at 37°C for 3 hours. Cells that migrated into the lower chamber 



were harvested, concentrated to a volume of 200 u.L, and counted by flow 
cytometry acquiring events for a fixed time of 30 seconds. The counts fell 
within a linear range of the control titration curves obtained by testing 
increasing concentrations of cells. The mean number of spontaneously 
migrated cells was subtracted from the total number of cells that migrated in 
response to the chemokine. Values are given as the mean number of 
migrated cells plus or minus SEM. 

Western blotting 

iDCs were treated for 24 hours in the presence or absence 0.3 u,g/mL LPS 
with or without 100 u,M NOR4, and then 2 x 10 6 cells were stimulated or 
not for 2 or 1 5 minutes with 250 ng/mL human CCL 1 9 or CXCL1 2 at 37°C. 
The reaction was stopped with ice-cold PBS, and then cells were spun down 
at 17 210^ for 5 minutes at 4°C and lysed by sonication in lysis buffer (50 
mM Tris-Cl pH 7.4, 150 mM NaCl, 2 mM EDTA.l mM PMSF, 1% Triton 
X- 100) with a protease inhibitor cocktail (Sigma). Proteins were assayed by 
BCA assay (Pierce, Rockford, IL). Lysates were resolved by an 8% to 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
gel and electrotransferred to PVDF membranes. Immunoblotting was 
performed with the monoclonal anti-phospho-VASP (Ser239) antibody 
(16C2) (Alexis, San Diego, CA). 24 Normalization of phosphorylated VASP 
was performed either with the polyclonal anti-VASP (M4) (Alexis) or 
anti-p38 MAPK (C20) (Santa Cruz Biotechnology, Santa Cruz, CA). 
HRP-conjugated secondary antibodies were used (Jackson ImmunoRe- 
search Labs, West Grove, PA); blots were developed with enhanced 
chemiluminescence (ECL) and analyzed with Image J 1.33u (National 
Institutes of Health [NIH], Bethesda, MD) software. 

Measurement of intracellular cGMP 

iDCs (2.5 X 10 6 cells) were incubated at 37°C for various periods (30 
minutes, 1 .5 hours, 5 hours, 24 hours) in the presence or absence of 0.3 
Hg/mL LPS with or without 100 u.M NOR4. Reactions were terminated by 
adding ice-cold ethanol: IN HC1, 99:1; lysates were stored at -70°C until 
cGMP determination. cGMP levels were determined by using the acetyla- 
tion protocol cGMP EIA kit (American Qualex, San Clemente, CA) 
according to the manufacturer's instruction. cGMP levels were normalized 
by cell number. 

RNA purification and real-time PCR 

Total RNA from iDCs treated for 24 hours in the presence or absence of 0.3 
u,g/mL LPS with or without 30 to 100 u,M NOR4 was extracted with 
TRIzol reagent (Invitrogen, Carlsbad, CA). Reverse transcription (RT) of 
RNA samples (1 u.g) was performed using oligo(dT) 2 o and the cloned AMV 
first-strand cDNA synthesis kit (Invitrogen). Specific primers for human 
cGKI, la, IB, and 11 (primers in Table SI; see the Supplemental Materials 
link at the top of the online article, at the Blood website) were used for 
quantitative real-time polymerase chain reaction (PCR) amplification in an 
ABI PRISM 7900HT Fast Real-Time PCR System (Applied Biosystems, 
Foster City, CA) using SYBR Green PCR Master Mix. Nonspecific 
amplification was excluded by performing a dissociation curve analysis and 
by analyzing real-time polymerase chain reaction (PCR) products on 3% 
agarose gels. Controls were included to exclude amplification of contami- 
nating genomic DNA. cDNA extracted from lung for cGKI and from kidney 
for cGKIl was used as positive controls. The relative expression of the 
target gene in different samples was normalized to the endogenous B-actin 
(primers in Table SI) and was calculated with the 2- 4AC T method. 30 



Results 

NO reduces LPS-induced IL-12 production but does not block 
DC maturation 

To test if increasing NO concentration affects maturation and 
migration of iDCs, we used NOR4, an NO donor that releases NO 
at a slow rate, 31 thereby more closely mimicking the production of 
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NO from ceils in inflammatory sites. The maximal concentration of 
NOR4 used in this study (300 \iM) produces NO in the range of 
plasma concentrations of NO during inflammation.- J At ail concen- 
trations used, NOR4 did not affect DC numbers and viability as 
measured by trypan blue exclusion and annexin V'/Pl staining {data 
not shown). Furthermore, NOR4 had no major effect on LPS- 
induced DC maturation, including Httie or no effect on induced 
expression of either DC -LAMP or CD83 or up-regulation of CDS6 
(Figure iA). The adhesion molecule CD54 and the eel! surface 
eetoenzyme CD38, which are up-regulated by LPS and play a role 
in DC migration, 3 -- 34 also were not substantially affected by the 
presence of NOR4 during DC stimulation wish LPS (Figure IB and 
data not shown), 

The activation of the cAMP/cAK pathway in DCs (eg, through 
PGE2 or ATP) drives DCs toward a Th2 immune response via 
down-regulation of 1L-I2p70 production. We tested if NO had a 
similar effect. The addition of either NOR4 or 8B-C.GMP in a 
dose -dependent fashion consistently inhibited LPS-induced produc- 
tion of n..-!2p70 (Figure 1C) and TNF-a (Figure SI and data not 
shown) without significantly affecting IL-6 production (Figures !C 
and Si and data not shown). NOR4 also reduced LPS-induced 
increases in EL- 10 about 2-fold (P < .02; Figure SI). Therefore, 
while NO does not significantly affect DC maturation induced by 
LPS, it does selectively decrease the release of a set of cytokines 
produced by DCs. 




Figure 1. reduces the LPS-ltieucsfJ release o1lt.-13ip?0 wiitKiut affecting DC 
maturation, intracellular expression of DC-LAMP and sL-rlace egression of 
CG83 end CDS6 (A) eriri CDS* (B) in DCs rfiatu;eo tor VA hairs wit!) 0.3 nfjfcnL LPS 
only (bold open histograms} or plus 100 fM NOR4 (open histograms). iDCs treated 
tor 24 hours in medium only are ^presented by filled histograms. Isetyps controls are 
indicated by dotted histograms. Dais shown a:s representative «J J-ors than 10 
independent experiments tor DC-LAMP. COS3, and CDS6 arid 3 experiments for 
CF.554. iC) iDCs were stimulated or no: pi for 24 hours sviih LPS (0.3 iig/mL) In the 
prasensa (El) or absence <■) of graded doses of NOFM <25, 50, too fiM) or she 
vehicle control DMSO (K). Supematents were collected and analyzed tor tL.-12n70 
and IL-6 by ELiSA. *P < .001 oomoared with control UPS-treated DCs unpaired 
Student f 'est. Data are from 1 representative experiment of S independent 
experiments pertained using culls from different donors. A statistical analysis of the 0 
experiments usino the paired t test gave a value of P = .01 , confirming that the 
Inhibition ot Ii.-i:tp70 production by NOft4 Is statistically significant 




CCR? LPS cone (jig/mL) 



Figure 2. WO induces DC migration toward CCLIB/MiP-Sfi. (A) Surface CCP.7 
expression of iiXis matured nr no; lor 7A hours with LPS {0.3 ^g-'mL) in She presence 
or aasence of 100 H M MOR4 or DMSO. The mean fluorescence intensity |M) ano 
percentages of positive ceils ■%) are indicated, Data shown a;e representative of 
mem than ' 0 incssenden? experiments. (8) iDCs matured or not for 24 hours with 0.2 
ng/mL LPS in the presence or absence of 100 |tM NOB4 or DMSO were Ifistad: for 
weir migresion toward CCL1S. Data shown srs mean of duplicate culiuras s SEM 
arsd are representative ot S independent experiments. (C) iDCs were matured tar 24 
hours with graded doses of LPS with medium only («), 1 00 p M NOR4 {*), Of 0.001 % 
DMSO {&• and tested tor migration toward CCL13. Data are tram 1 representative 
experiment of 2 performed using cells from different donors. 

MGR4 induces DC migration of LFS-ttrtaturecl DCs 
toward CCL18/MIP-3|3 

We next tested if NO affects migration ofLPS-matured DCs toward 
CCL19/MlP-3fJ, as shown for other tnSasnmatory factors/ 5 - 14 LPS 
alotte induced a substantial increase in CCR? expression (Figure 
2 A) but did not induce DCs to be ress>otts;ive to CCLI 9 (Figure 2B). 
The addition of 100 u.M NOR4 with LPS potently enabled DCs to 
respond to CCL! 9 and migrate (Figure 2B>, and the effect of NOR4 
was dose dependent (Figure 38), LPS-induced up-regulation of 
CCR? was only slightly enhanced by NOR4 (Figure 2A). Thus, 
NOR4-indtfced enhancement of migration toward CCL 19 was not 
simply due to an increase in CCR?. The NOR.4 effect on migration 
increased with graded doses of LPS (Figure 2C), suggesting a 
synergistic, effect between NOR4 and LPS in sensitizing DCs to 
migrate. A substantial effect of NGR4 was evident with as little as 
0.3 fig/ir.L LPS, a concentration thai induces complete maturation 
of iDCs. Therefore, we used this concentration of LPS in the 
following experiments unless indicated otherwise. 

We tested if NO could increase DC migration not only to 
CCL 19 but also to other chemokines. Upon maturation IDCs 
down-regulate CCRS and up-regulate CXCR4, a receptor for 
CXCL12/SDF-1«, a chemokme that regulates migration of DCs 
toward LNs. 35 NOR4 enhanced LPS-induced down-regulation of 
CCRS (data not shown) and up-regulation of CXCR4 in a 
dose-dependent fashion (Figure 3). LPS-treated DCs were already 
responsive to CXCLI2; NOR4 aiso enhanced LPS-induced migra- 
tion toward CXCL12 (Figure 3B). In this case the NOR4- 
dependent enhancement of migration toward CXCL 1 2 was gradual 
as well as the increase in CXCR4 expression (Figure 3), in contrast, 
maximal up-regulation of CCR 7 was evident at the lower dose of 



From www.bloodjoumat.org by on December 10. 2009. For personal use on!y, 

1540 GIORDANO 81 al BLOOD, 15 FEBRUARY 2006 : VOLUME 107, NUMBER 4 



74?i treatment 




F igure 3. NO enhances CPS-induced expression o? CXCR4 and (Migration 
toward CXCL1Z/S»F-1a. iDCs were- treated or not tor 24 hours with 0 3 pg/mL LPS 
in the absence or presence of grayed doses of NOFM (A) Surface sxpress:cn o? 
CXCFi'! or CGR? The mean fluorescence intensity (M) and percentages of positive 
cells (%} are indicated. (8) Cells treated with medium only (•} or 0.3 iio/mi. LPS; pics 
graded doses of NOR4 (A) were tested for (heir chemotsctic response toward 
CXCL12 or CCL1 S. The receptor levels after stimulation with LPS plus graded doses 
o! NOR4 arts shown in the inset's; ihe percentages of cells expressing GXCR4 (H> 
and CGR7 (*) are shown in tha top and bottom panels, respectively. Data shown are 
representative of 3 independent experiments, 

NOR4, while, optimal migration toward CCL19 was only evident a! 
higher doses (Figure 3). These data suggest that NOR4 promotes 
increased DC migration to CCLI9 via at) additional mechanism 
independent from altering receptor expression. NOR4 affected 
specifically chemokine-directed chemotaxis and had little or no 
effect on spontaneous migration in the absence of chemokines (data 
not shown). Furthermore, treatment of iDCs with graded doses of 
NOR4 alone did not induce increases in CCR7 or CXCR4 
expression (not shown) or promote migration toward. CCL19 or 
CXCL12 (Figure 3B). Therefore, the enhancement of DC migra- 
tion by NO requires a maturation stimulus. 

Moreover, NOR4 also enhanced the reciprocal regulation of 
CCR5 and CXCR4 induced by CD40 stimulation (D.O. and 
L.A.C., unpublished data, March 2005), suggesting thai NO 
regulates chemokine receptor levels irrespective of the matura- 
tion stimulus. 

The effects of NOR4 on both chemokine. receptor expression 
and migration toward CCL19 and CXCL12 suggest that elevated 
levels of NO in inflammatory sites may drive DCs toward a more 
filature phenotype and facilitate migration of DCs toward LNs. 

Role of q&MP and cG.K in NO-reguisted DC migration 

Because NO acts mainly through the activation of the cGMP/cGK 
pathway, we next tested if DC migration toward either CCLi.9 or 
CXCL12 could be enhanced by the cell-permeable analog, 8B- 
cGMP. Unlike NOR4, which enhanced migration of LPS-treated 
DCs toward CCL19 at relatively low concentrations, SB-cGMP 
affected DC migration osily at high concentrations (Figure 4A). 
Although a modest increase in cGMP levels appeared to be 
sufficient to enhance CCR7 expression, enhanced migration toward 
CCL19 apparently requires a high intracellular level of cGMP 



and/or a cGMP-independent mechanism. Low concentrations of 
88-cGMP (300 jaM) enhanced DC migration toward CXCL 12 
(Figure 48), suggesting that smaller increases in cGMP are needed 
to enhance CXCL12- versus CCL19-dependent migration. 

To further analyze the role of the cGMP/cGK pathway, we 
tested if a highly specific cGK inhibitor, the cell-permeable peptide 
DT-3, 3 * could affect NOR4-dependent DC migration. If NOR4 
enhances migration mainly via activation of die cGMP/cGK 
pathway, then inhibition of cGK activity by DT-3 should inhibit 
migration. However, the cGK inhibitor was unable to block 
NOR4-stiduced IX' migration toward CCL39 and only partially 
inhibited the enhanced DC migration toward CXCL 1 2 (Figure 4C). 
Thus, while cGMP may contribute to the increased sensitivity to 
migration toward CCL19 induced by NOR4, a cGMP/cGK- 
independent pathway is also involved. Furthermore, the relative 
contribution of the cGMP/cGK pathway on DC migration seems to 
be different for CXCL 12 versus CCL19. 

cGK and cAK regulate the ability of LPS-treated DCs to migrate 
toward CCL19 

We next tested if the cGMP/cGK pathway can directly modulate 
the chemokine signaling pathways activated through CCR7 or 
CXCR4. We added the specific cGK inhibitor DT-3 to DCs during 
•he migration assay and, to our surprise, we found that preincuba- 
tion of LPS-matured DCs with graded doses of DT-3 just prior the 
cbemotactic assay sensitized DCs so they could migrate toward 



A 




Figure 4. NO induction of migration toward CCL18 is orsiy partially dependent 
on the cQMP/eGK pathway. ■ A-U) iDCs were treatetf or noi tor 24 hcum with 0.3 
[ig/ml. LPS in the presence or absence cf graded doses of NOR4 or 88-cG?</!P, 
Surface expression of CCR7, percentage-;- or positive cells {%) are indicated. 
ChemotacSic responses toward CCL19 (A) or CXCL12 (IS) are shown as (he mean of 
duplicate cultures ♦ SEM Oata shown am representative of 3 independent 
experiments. (0) iDCs were treated or not for 24 flours with 0.3 ji,g/f»l. LPS in the 
presence or absence cf 100 j»M NOR4 with or without 500 nM DT-3 (oQK inhibitor) 
and tested tor their cftemotadic response toward CCL1 s or CXCLi 2. Data shown are 
representative of 3 independent experiments. 
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Figure 5. Inhitsstiesri of either cSK or cAX sliewa LPS-mstyraci DCs to migrate 
toward CCL1 6. white migration toward CXCL1 2 raquiras cAK activity. iDCs were 
treated p) or not {□) with 0.3 up/mL LPS for 24 hours, Ceiis ware harvested, 
incubated with graded tiosss ot either the cGK inhibitor OT-3 (A) or the cAK inhibitor 
myrPKI (B), and then tested for msir chamotaciic response toward CCI.1S or 
OXCi.1 Z- Date shown are representative of 3 experiments using different donors. 



CCL19 (Figure 5 A, top). Therefore, persistent cGK activity 
prevents mature DCs from migrating toward CCL19. These data 
again suggested that NO affects DC migration via a mechanism 
independent from the "activation" of the cGMP/cGK pathway. 
DT-3 had little or no effect on LPS-indueed migration toward 
CXCL12 (Figure 5A, bottom). These data further support the 
hypothesis that the cGMP/cGK pathway plays a different rote in 
regulating CCLJ.9 versus CXCL1 2 migration. 

Because NO also can activate the cAMP signaling pathway, 36 
we tested if a specific cAK inhibitor, permeable peptide myristoyt- 
ated PKI (myrPKI), could affect DC migration. As observed for 
cGK inhibition, inhibition of cAK during the chesnotactic assay 
also enabled LPS-£reated DCs to migrate toward CCL19 (Figure 
5B, top). However, LPS-indueed sensitivity to migration toward 



CXCL12 was completely blocked by the cAK inhibitor (Figure SB, 
bottom). The addition of DT-3 or myrPKI in the chemotactic assay 
did not affect chernokine-specific cbemoiaxis of DCs not treated 
with LPS, and random cell motility was not significantly affected in 
either immature or LPS-treaied DCs (data not shown). Taken 
together these data suggest a differential regulation by cyclic 
nucleotides of DC migration toward CCLI9 versus CXCL12. Both 
cGK and cAK activities potently inhibit migration signals induced 
by CCL19 interaction with CCR7, In contrast, cAK activity, but not 
cGK activity, is required to allow DC migration toward CXCL12. 

HO reduces eGK-msdtfateeS phosphorylation of VASP, wm'ert 
may prevent DCs from migrating toward CCL1S 

The data reported in the previous section suggest that cGK and 
cAK activities already expressed or induced by LPS prevent DCs 
from migrating toward CCL19. Thns, we reconsidered the possible 
mechanisms by which NORA facilitates the migration of LPS- 
triggered DCs (Figure 4A). The cGMP/cGK pathway appeared to 
be able to exert either a positive (as shown earlier) or a negative 
effect on DC migration. How might this occur? One possibility was 
that after ihe initial activation of the cGMP/cGK pathway by 
NOR4, long-term treatment wish the NO donor reduces cGK 
activity so thai in the absence of cGK a brake is reieaseti enabling 
DCs to migrate. 

To test this hypothesis, we first examined if NO could reduce 
cGK activity constitutively expressed or induced after LPS treat- 
ment. To measure cGK activity, we selected the cGK target VASP, 
because VASP is involved in cytoskeletal rearrangements occurring 
during cell migration.- 2 * Interestingly, cGK-dependent VASP phos- 
phorylation induces detachment of VASP and other cytoskeletal 
proteins from focal adhesions, thus inhibiting cell migration. 15,57 
Thus, phosphorylated VASP might contribute to the inhibitory 
effect of cGK activity on DC migration. We measured cGK activity 
by using an mAb (VASP-16C2) that specifically delects phosphor- 
ylation of VASP on serine 239 phosphorylation, an established and 
useful monitor of cGK activity in intact cells. M ' J7 The basal level of 
cGK activity in iDCs was very low, but LPS stimulation alone 



Figure S. LPS induces cGK-depertdant phosphorylation of VASP 
in DCs, which is inhibited by NOR4. iOCs were treated or not for 24 
hours with 0.3 tig/reL LPS in the presence or absence of 100 \M 
NOR-t Ceils from each group were then stimulated for the indicated 
times with either CCL1S or CXCL12. (A, Si Ceii extracts were pre- 
pared and immpnoblotied with anti~phospr>o-VASf ! antibody and than 
with ami-VASP antibody. (A) Antiphospho-VASP irnimmpbioi Pi r 
representative experiment o? 3 performed with ceils from different 
donors. {Si Quantitative densiiometric analysis ot 3 different irrrmuno- 
blot experiments. The activated phespho-VASP expression was 
normalized to the rote! VASP. 'P< ,001, paired Student Mast. <C) 
rriRMA ieveis of cGKIS determined by quantitative raai-tima RT-PCR. 
The relative expression pi cGKia was normalized io the endogenous 
fs-aetin. Data shown are irom f representative of 2 independent 
experiments giving ihe -same results. (0) cQMP levels in ceil extracts 
were measured wim oGMP !: IA assay. Data shown are representative 
of 2 independent experiments. 
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cyse-denyed PGs sio nr* «>%rets towaM <;CL if>, NOR4 euab!«s 
ihsm re msgjatu (Psgssre 2BL NOR4 esihasced LPS i-jisueatl 
wpffltiwrf the CCR? $8$ CXCE4 fecspa>rs; ho^vvca eaha^ps?- 
mm by N© «f chareokino yacepior «xpr«ssioa aisxie esmui ispt 
wxm* fer why DCs werc-aN* t<* rsigrare.. The afreets pf NO am. 
&£ t:h«reok.iae .«s^ptos: uspx*s;sisiB and SRigratiou patsifei ths 
efets-of eAMP-iae^asisg iafLintassiSoty stimali 5 '^-; botij mkmti 
ctxit>ie CCRTre sigaai sransdwetiod '0Hmy% shas iiiiow migratiois, 
shus s^asixiidtgOCs h> reigraie toward CCLi 9, 

While eherstefetise receptsr expreSsioss oass be tmc<stsp!ed Bom 

CCU9 i&pm .Sj.-. su|u»«««Ra thax sGK .tcsivdy »>»siii&t?vely 
&poi'**ax ot ij-idiwijd sn l.i'b a^gfa j'-tovess! DCs- ftiigraftrtg 
eves tisetsgh feey espresss dtemefcing: reeeptarss. .Gmstemt with 
thm. tm&h LPS reduw»i DC^ 10 ex^v e<s&S (figure feC) mi 
sastaased uGK activity as uiss;;arud by phosafeyiusissi of li^e key 
cGKjsrgei. VASP (Figure 6A,;, VASP espressioa asd regplatiop 
eheareki-se stiruuJatioa bas no; beep previously repos-sed ia 
i.X.'s. Besides being a usofas tool » mottitorcCiK activity:^ VASP 
siso prevkfo a txBsifete expitpsaiiun for tire inhibitory wfe of 
cGK is DO ttsigref (•;»>, YASF hinds <:yreskaiet.sil proseitia ayxia ;md 
virsealih inv^yed ia foesi adhesioa hirnMkm eClK-dcpsadcot 
VASP phospiihry]ahdrt residts ia depauiofi of tfcess eytoskeieia! 
.fen: foaal adbasiiars, dastahiliKsSicas of mojiissy sirua- 
and baubutou oi' oi^^tioo/-^ "Jlie stilKSariiisi sraaeaso isr 
eGS-depeadosK VASP pao:a)sxayiatioa iarSaced hy LPS Was m- 
saiaeti apoa shorv?«rm CCR? umntfeiitm with CCLiS. Thus, 
phospsosylatioa or VASP cofreiassd with aRfi^psststvestess to 
GCi.re. H.j;b cGK acsiviiy aud subseqaeai. VASP phosphoiybiiK^ 
may disrsjat tei adhasioa torraaiioa ana DC reigratior, (Figure ?} 
VASP m-i^ mi be the otsiy cGK tsrgss in CPS -aiimaiated DCs 
Wo actiR bMiijgpjiatessS; LiVi aad LASP I. are dire*.:; ssjhstratas 
{»^M. : k^t&A%i^>i( jjte^sojp^atjOfi-tlsgiT «filmty:fwF^c'titJ.ts 
reduced, eadsitsgihetr t^ttieaiixattob from j^embraae exreasioos 
tss ibe cyiiisifi ssxi rat5«a;!;.g eeii uiigtatioa.^ *' Furthe;-urere. 
cAK* aad cGfcdoaesideist VASP pta)SpboryIiiii<;n eaa tabthit 
iareptft ^yS, aeHyatida, aoosher iraptataps srep for eel? po;aa- 



Tbe presar^ of SOE4 duriag DC asSSufSttosi sttoogiy redated 
b&a- ieveis of eG:K-dep«^.?p VASP sh^piwuvtasiOTa m4 sibs 
snhshitireiwas tsmafcjfsad after uitfeer CCLi 9 or CXCl u sssorela- 
$w iPigare SA-By Ttre aL ; a ace or h»«h Sevais of phtjs^ttryiured 



From www.b'loodjpumsifi^f by eayQeeemfcfo'ltX 2089, Fa? pemorssi use only, 

81000. 15 rSBRUARY SEXJi} > VOLUME i 07, a NiTRiG QXiDfi REGliLATSS DUNG f$ T SG-C ell- mQfl^QH 55*3 





...,•> s v . 



rSgiii'* 7, tSO jsf<*m<ass t.t*r^tt>aaiKi^i w%F-stit>« t«wffii«i taiL tS. LPS> aSa«*Wj 

suites? eapaaMssen e-f mi psosaiwysatfcn c> VASR sk«s«X<>' ataventiRS OCs 
as«> fsssfsjcSirtg <e CCi. t 9 afxS !!:sg:w»j. NO osfcwss DCs Scorn irsairss&iiss^ vis a 



#ASI*-con»to«i wtjfc she ability of* DCs so {wgratec Th«s, HQ may 
sshsito DCs « tinny east migrase throagh Ujc : sahibs doss- 4*F' 
LfS-bxinesd oscssssas iacSK activity and VAoT'stJxiapbotyisiiiva 
(Figure ?). eS'K-asswIsifed 'si§aah«g pathways at^xyjastxslied by 
Sleedbaek reg:ishpissti/ M? One fe^hisjk sagniaSory ssxxahantsm sashe 
ssffpressiOfi of eGRkt axprayskm by Img-mrm axposate N& 
timing 8gw».'^:.Hov^v«fj NOK4 did not. mkid; eOK tsodvisy 
in lK';s simply by mhsbisiog LPS-i8*uc«J-«OK expression. 
%s5.KUb«r:s!!hafssi!?d by NOR4 (Figure 6C>. Also, DCs treated wish 
bosh U"& And NOH4 iUMi higher eO&1P-& '-&h ihm OC* tasted wsdi 
Only t^FS .. Tims, the hy&ex tOt acttvRj &e- NDR4 pstss 
LPS-treaa-J is f " , i > \> sX v \, , p < \af<^a t t ao 
degfadtaies ofeOhtp, skSKsygh the possibility ofmsiaced cGMP in 
<;eli mseroexnapattttsestss; j&maat be exdaded. After jh« iK«t'5aS 
i:ti!jvissk»! e)f ih» ■ cOMP/eCK pssshsvay, !oag»tems inaatmeat wish 
MO may mdsice a s^g&iMi feedback pamway that reduces eOK-. 
daptMeas. >%SP phosphssj'ylsSsoh is? Dfcs (Ptghss ?}, is remitiak 50 
he daieriiHH&i whether (bis retdBCtam M das p> rxKSirafshiskns-sl 
Kgahtboss, a &m& inhibition of c.OK avssvfey «t asoSter snec-Ha- 
m*m. Akhwgfs NO .acts mamby throagit the eCdMP pathway. \i eaa 
HiHi ■iaSctiy sraKMy hpsds, nndesa aes-is, a»d psxadTsv .For 
iassan«if<: xfets- aaiyhy of raaay sriSBSsJOpsional facjors stsr CYSssisse 
.pt<xmm. is altaed hy direcs iJiiit^yytsssi torn NO,** We are 
assxiissiiy iavessigasiag i.as; mechanisms «e$p@n$ibte for ibe ;*dij«ed 
cOKSciiYisy issdaoed by N08.4in PCs. 

MO alsa enhanced the srbgsaiiijR of LfS-irssted OCs Ssiv^rd 
CXCL : S2 y Cv<sj?;i^ieai >vsia sobic fir4«igs** bai >« so 
oiiwix 1 * rnamred ix:s vvc-re sesisksye so CXi'Lii-ifct-xtsaScas 
sTiigraiiosi even 'to Shy' abssssce of NO sir oshar sigrssls cFsg5(:» 38). 
In c<nns;m. to CCLSS ■stijKaisussj, s.iiQrt-Scirsi shiseSaikas of LPS- 
SfCBted iX !< vsiih CJit i - twtetw tOKKfepea^JeRt VASPphasphcw* 
yititim shigijs'e bA-Bj, coasssSesst >s«h the ahiksy »f t*e WOs so 
FRigrase isswafo OXCL 53. Ohe expteisoh, fan- ■'^■MffisMM 
Siaisiiivjty af LPS-Sseaissd DC's srssgraSe: toward CCLt 9 v«rsiis 
CS.C L i2 rnsy he Shss CXCi } 2 a v .sa. ;:nido CCLIE esst dstXKtlv 
rtxhii>> VaSP ph*$pH«ry:.U«}f>s m& vekme |X> K> «isp.>se The 
cAK i»ht»»tor myfi'KJ.sek«in^y hSotted DC cfcesoixaxi's toward. 
CXCL12 bus a©S to GCi..!9, •jsidefssssritjg amahaf iiiffewjisce 
bsSwat'fi CXCR4 atid CCK? sigssdsag pafewsys; eAK aftivsttsju ss 
reqa ; !Ai i< ■ CXCL U-siepeaiiesit t5Rg?«fe>» bsA stm for CCL!'* 
de^isdeat susgsai on. L^r>Hw*» osf CXCR4 by CXCL12 a.cs.ix-ases 
the cAMPfcAK pashway in TceiSs.^ 



Cell :T:igsiSiot; h a eot;i:>i«>: pisiiisoajepon Shai i«veJv?s ceil 
|jft5ariftiS:isi aa<l K?ijSjiW'. a .dvottmk fetyafsts;;? r«t- ;eoes:ie5>. 
::db;-.\:;-s Ki<>)o t .:do-<. cyfswfcaiasai ptosaiiss. aasi sasraceiiuiaf xeguia- 
isiry -xstelihis. \vsth coosdis'sssd fom?8ifo» satf dagrsdsaioa sf 
paaseos* tsf s>K>S!rf sweoiess, hte csiciam or t AMR" 1 Tbese 
o.-iOiiooa.'-sss iiiay espista why the NO aad cCMFfeGK. pashway 
>sas bem implkased in both positive and segaiive effeets m t»1! 
ws%Uixm,. "ftc :a*s6ivsasm.isj she eOMP oCK r*sh i N y KU 
posksvesy fsgtsSase* migr'asioo. possibiy dwwgh she imfocs«"i oi 
ehaooksBC swapior Mpct^R^* s Ftgtire Ms Hsrftcycs. we f iAo 
S^assd^sattegh ;;-«ss os cOKacxsvxty xa LPS somaiiiied DCs, -Ray 
inhibit sfogtsiskm (Figures S assd sjA-B). In siddssiors to m refo in 
VASPragiMasioa, ibecCK paiisvfay aass sscpsiveiy afiecs 'm'Sgrsiion 
sss sSher ^ays, MX <»a AiXH'ct'K. t'sfesstts ssn«>isa aiuvde eeh 
niigpsstiop hy wisher a;;dvadag ;i MAPK ph;>Sjjbaiai;s:, which 
:nac«va;o" MAPKs, ?: « «r i>y sicsivasiag a Eyrsisiae phosF'hys.tase tbas 
siseraases : iytoskia phosphsjs-yistaiss orp;x;s.eios tiiv.o!v«<| in focal 
adhasioti iotmassoa and aeJKt pcnyrassAxatsOsi.^' N< eGK- radaoes 
tuysssstf! feftst':ehh}!j £MLCf pU<iSphi.'syias>oa. an »s<jx«t»«l stap Ux 
cesi pol -s <s tot sa m o, \ > her N v' v ; assd 
sfecreasiag MLC kinese asiiivity or by setivstissg MLG pbospha-' 
.Another tnajta" iiirgat <)f dM. is iPj R-assoiaased oGK 
sabssrase (I.RAO)* which when phssxphoryiasiid sahibiss RX-iadiieed 
aaiCiss-s resease iwm (sstratalloiitr ssssrs^." Thus, cOR-msy tdot-k 
ariosher sscp i» she signa;iss?g aciivased i?y abesrspkkta ras;apsof 
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attributed mainly to the absence of NO acting directly on T cells. 
However, our data suggest that iNOS deficiency could lead to T-cell 
skewing because of dysregulation of DCs as well as T cells. Several 
studies with iNOS-deflcient mice and autoimmune models have impli- 
cated NO in the control of autoreactive T cells and prevention of the 
development of autoimmunity. 64 " 70 The effect of NO on DC migration 
and cytokine production reported here might contribute to the observed 
protective effects of NO in autoimmune disorders. 
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OESCBSPTfOM; While T cells and B cells carry out the actions of antigen -specific immune responses, antigen-presenting ceils called 
dendritic cells are required for this to flapper.. Trie name of dendritic ceils is based on their shape, with activated 
dendritic cells displaying long processes on their surface. When immature dendritic ceils found throughout the body 
internalize arid present antigen, they express markers that stimulate the activation of lymphocytes, and migrate to 
lymphocyte nch tissues like the spleen and lymph nodes to Initiate immune responses. In addition to stimulating 
responses against antigens, dendritic cells also produce tolerance to self antigens. 

Dendritic cells can be derived from either rr-yeicid or lymphoid lineages. Monocyte derived lineages (pDCt) stimulate 
Tfd cell differentiation while plasmacytoid (lymphoid) dendritic ceils (pOC2) induce Th2 cell differentiation. Factors 
that stimulate the maturation of monocytes derived dendritic cells include GW-CSF, and 11-4. JL.-3 stimulates the 
differentiation of pDC2 ceils into DC2 ceils. A variety of factors are involved in antigen-recognition end processing by 
immature dendritic eefss and in the maturation of these ceils. The transition to mature dendritic cells down-regulates 
the factors involved in antigen internalization, and increases the expression of MHC, ccshmulatory molecules 
involved in lymphocyte activation, adhesion molecules, and specific cytokines and chemoksnes. ToS-tfke receptors on 
the surface of immature dendritic celis recognize microbial components to induce dendritic ceil maturation {see "Toll- 
like receptor pathway"), la addition to stimulating B ceil responses, dendritic celis are potent activators of T ceils, 
IL-12 secretion by dendritic cells stimulates T celF responses, particularly differentiation of Thi cells that produce 
interferon-gamma and other pro-inflammatory cytokines (See "Thl/Th2 Differentiation" pathway). While IL-4 
generally stimulates THZ differentiation, the stimulation of Th2 ceil formation by DC 2 ceils does not appear to 
involve IL-4. The stimulation cf Thl and Th2 cell formation by dendritic cells appears to be balanced by counter - 
regulation of each pathway by the other. Interferc-n-g3mm3 produced by Thl cells blocks the further stimulation of 
Thl differentiation by DC! celis. The IL-4 produced by Th2 cells kite dendritic cell precursors that contribute to Th2 
eel! creation. Direct interactions between T cells 3nd dendritic cells are enhanced through the expression of adhesion 
molecules and costimuistory receptors CD80 and CD8S expressed by mature dendritic celis activate X ceils in 
concert with the recognition of antigen/MHC by the T eel; receptor. The central role of dendritic ceils as modulators 
of immune responses makes them an important focus of studies about autoimmune disease, transplant rejection, 
allergies, responses to Infections, and other alterations of the immune response. 
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OtSCRiPTlOS; Helper T csils are found in two distinct ceil types, Thl *nd Th2, distinguished by the cytokines they 
produce and resrionc to and the Immune responses tttey are involved In. Thl cells produce pro- 
inflammatory cytokines iike IFN-g, TNF-h and I!.-?., while Vh2 ceils produce the cytokines it-4, iL-5, 
II. -6 and it.- 13 The cytokines produced by Thl cells stimulate the phagocytosis and destruction of 
microbial pathogens while Th2 cytokines like IL-4 generally stimulate the production of antibodies 
directed toward large extracellular parasites (see *F_-4 Signaling Pathway''}. II.- 5 stimulates eosinophil 
responses, aiso part of the immune response toward large extracellular parasites (see "IL.-S Signaling 
Pathway") 



Thl and Th2 are produced by differentiation from a non-antigen exposed precursor ceil type, Thp. 
Exposure of Thp cells to antigen fcy antigen -presenting ceils may result m their differentiation to ThO 
cells, not yet committed to become either Tht orTh2 ceifs. although the existence ofthO cells is 
controversial. Cells committed as either Thl and Th2 cells are called polarized, whether they are 
effector cells actively secreting cytokines or are memory ce"s. The stimulator- of Thp cells by 
exposure to antigen- presenting cells induces the proliferation of undifferentiated ceils, and their 
expression of IL-2 and It.- ? receptor. The differentiation of Thl cens arid Th2 cells depends on the 
cytokines they are exposed to. II.- 12. causes Thl differentiation and blocks Th2 cell production {see 
"ILU and St.at4 Dependent Signaling Pathway in Thl Development" pathway), while IL-4 causes Th2 
differentiation and antagonizes Thi development. St.- 18 aiso induces Thl differentiation (See "3L-1S 
signaling pathway'). Polarized Thl end Th2 ceils also express distinct sets of cfiernokine receptors that 
further modify their homing and other cellular responses (sea "Selective expression of chsmcfcine 
receptors during T-cel! polarization-" pathway), improved understanding of Thl and TH2 differentiation 
wiii improve cur overall understanding of the Immune system, its response to infection and aberrant 
responses that lead to disease. 
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Exhibit E 
Vieira, et at. (2003) 

"Glatiramer Acetate (Copolymer-!, Copaxone) Promotes Th2 Ceil Development and Increased 
IL- 10 Production through Modulation of Dendritic Cells," 
The Journal of Immunology 170: 4483-4488 
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Pedro L. Yieirv* HeleeH C» Meystek,* Jam Worajiaeester,* £<My A, Wieresga s * am! 
Mariiaa L. Xapsessiberg* 1 

Gtatiramct* acetate (GA; copolymer-!, Copaxone) suppresses the inducifsm of experimental sutoimiaas® etseephalnmyeirtis and 
reduces the relapse frequency 5a relapsing-remitting multiple scieresis. Aiihosigh It has heesme clear that GA induces protective 
degefseniie Tfe2/IL-*8 responses, its precise mode of actiou refftaias elusive- Because the cytokine profile of Th cells is oftrn 
regulated by dendritic sells (DC), we stsidied she mo&alxtary effects of GA on ike T cell regulatory function of hamas JJC. This 
study shows the novel selective inhibitory effect of GA oej tfce production of DC- derived Masssisatery mediators without afieetiag 
DC switsjrstisjs or DC Smmur^stlmulatorj potential, DC exposed to GA have an impaired capaeiiy io secrete the major Tnf 
polarking faster rL-!2p°?0 Ijs mpossse to LPS and CD40 ligand triggering. DC exposed to GA induce efeetor IL-4-ssereliag Tfs2 
sells and enhanced levels of She anti-inflammatory cytokine 1L-I8. The anti-inilammatory effect of GA is Biediateot via DC ss GA 
does not affect, the polarization patterns of naive Th ■ceils activated fn an AFC-free system. Together, these results reveal thai APC 
are essentia* for the GA-mediated shift is the Th eei! profiles sad indicate that DC are a prime target tor the imfniisscraodnlaiory 
effects of GA. The Journal *f Immunology, 2003, 170: 4483-4488. 




eacritso cells (DC) 3 make up a family ofhtghly specialized 
cells that upon activation by pathogens or their products 
mature into professional APC. Immature sentinel DC sam- 
ple peiipheml tissues (e.g., skin, teg, and gat epithelia) for inewtsing 
pafeogesi-derived Ags. Thus activated, they mature and migrate 
through the lymphatics toward secondary lymphoid organs. During 
maturation, DC less their capacity to internalize and process Ags, but 
up-reguiaie than- eostimulstory molecules (e.g., CD80, CDS6, and 
CD40) to become potent immunogenic APC for naive CD4* Hi ceils 
(I), ia the T eel] areas of lymphoid organs, mature effeetor DC not 
only present pathogen-derived peptides to T cells, but also adapt the 
class of immune response to the type of tavading pathogen by driving 
the development of protective eftector Th cell subsets. For instance, 
DC that have been activated by intracellular pathogens or '.heir com- 
pounds, commit CD4 + Th cells; to become protective rFN--y-produs- 
mg eiS'ecto Th; ceils. Alternatively, helminths or certain extfacelli;isr 
pathogens induce DC that drive the development of protective 3L-4-, 
IL-5-, and iL-i3-pK«ueing ei&etor Th2 eeiis. Whereas chronic activa- 
tion of Thl cells can cause tauntsRopathoiogy and organ-specific auto- 
immune disease, Th2 cells carf meda&e allergic and atopic disease (2-5). 
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24, 2003. 



The costs at jMibSicaSon of this article wsrt tkftsyci in port by kjc pnytnsjit sf page 
chafes. This aftiite must therefore t« hereby tnarkwJ txherthswnmi bi atosreEocc 
with iS U.S.C Stxiion X7i4 soiefy ;o inititaie (his fact, 

1 This work was stpportctl iv the FcwrsHttion fat Scitncs and Ttda:o;ogry, Lisbon, 

Potass, csnsBt PR,»jas xxvvmmm {» to. v.). 

* Address correspontooe asid reprirtl ksucsss to Dr. Mm I., Vteiia ai !hs stfitnt 
address: LsOflr&totv of ImtnaKOjcguialiM, Tha National Institute for Mtdira: 
Rtseareb, The Ridgewny, Mill Hi)!, Latidon NW7 JAA, U.tC. S-roa:! stjaress; 
pV3Sica@ftfnrf.tfi?s.ac.isk 

J Abhwviatfcra ttsad ia this paper: DC, stsisdritic ceil; CM:E, C:£W0 i-gund, CD1S4: 
OA, glaiiranter acetttlc, cayoSymcf-l, Copaxflnt; EAE, ixpenaisEisi autoitftnnane es- 
c-rehalisaiyeiilis; MBP, myelin basic prcta in; MS, mwitipis Svieios'is; SEB, Sisphtfv- 
s aunsuz eatefotoxiu B. 



An important DC-derived faetor driving Thl responses is bio- 
active 1L-I2p70 (2, 3). 3L- 12p70 can be secreted by sesitinel DC in 
response to severs! pathogens (bacteria, viruses) or to pathogeB- 
derived products (LPS, DNA, dsRNA) (6- 10). However, during 
the primiag of naive Th ceiis ia the lymphoid organs, the secretion 
of VL-i2p7G is induced upon interaciioti beiweets CD40 on the DC 
and the rapidiy induced CD40 Sigsnd (CD40L, CDiS4) on the 
activated Th ceil (6, 9, i 1, 12). The levels tsf IL-12p70 production 
«poa this CD40L-depe!ider:! activation are subject to reguiatioa, 
rejecting the tj-pe of pathogen that activated the DC at its sentinel 
stage in the peripheral tissue concerned (4, 5). We ar.d others have 
shown that in addition to the type of pathogen, immune mediators 
and drugs may also determine the ieveis of It- 3 2 produced by 
CD40L-activated mature DC. For instance, the irarnuas raediatots 
PGEj, histamine, and It- 10, and the aati-bSararnatory drugs, glu- 
cocorticoids, and ^-agonists all prime DC for reduced 1L-I2p70 
production upon CD40L~«ependerit activation, thus resulting is 
DC with enhanced Th2-promot:ng capacity (S 3-39). This has im- 
portant impiicatiojas for the design of therapeutic suutegies ahssed 
at counteracting Ttii -associated immune pathologies. 

Giatiramer acetate (OA), siso Imowrj as copolymer- 3, Cop-i, 
and Copaxone, is a synthetic random polymer of the amino acids 
L-alanino, L-giutaraate, L-Eysine, and L-tyrosine (20). GA was 
shown to suppress the induction of experimental autoimmune en- 
cephaiojnyelitis (EAB) in response to the encephalitcgenic Ags 
myelin basic protein (MBP), ptuteolipid protein (21), and myelin 
oligodendrocyte glycoprotein (20-22). More recently, GA was 
also shown to inhibit type 0 eotogen-raactiva T cells in vitro (23) 
and to prevent graft vs host disease (24, 25) and tfanspiaat rejec- 
tion (26). The potential of GA as a therapeutic agent sa multiple 
sclerosis (MS) has been further substantiated by the reductioa of 
relapse frequency ia rslapsing-remittiag MS patients and by the 
reduced appearance of new lesions in gadolinium-enhanced mag- 
netic resonance imaging (27-30). 

it is generally accepted thai the therapeutic effects of GA are due 
to its imrauoomodulatory elfects on T cells {for a review, see Ref. 
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31), OA has torn sh;««; so bbs<5 jswsajscBOBsly to c{»ss UMBO 
lAohjsrs&o is T(!iS (32-34), eoerfjetsog, with MS&den^si' 
peptides fef'Osa MBI^spesiyts (3h"3?), Jr.ssfsst®$y, OA lor 
suoes s TM to Th2 shift see^gsated by the. peojfexSiwss 
ssioiofiaEasKKtwy oy-.okise B,.-j(i iftfe «a vitro ssssd hi ysv® 
3® -44), Hsfeio, thss 3«h«s! jsaschssS«s ymtef lying fee uulsssiioB 
of sbe.se rss-oiesfm Th esSS resosRssss rsjtsaijss sfesive, Bse&w* fee 
cyiakiAe pfoSe of Th eOSls is O&o^ fi^bisSAt sy ,OC> we bays 
smbiesi the modisistsjy efsets of GA oa the X o*!i rsgslaicjsy tes- 
sios cf famm PC- 

Is to sii-siy we shew fesi OA sass-is sis ^t$-BSSs^H5S!«sfy«e- 
iknn on. S3€ by jwtsesly bfeihifsssg b;e fsoduciksa <sf fee .moior 
TaKpoisrisisg rhetor :L4Jri7b osd nffise praot?k»)r»aiocy cyior- 
ksses TNF-w and iLr$ fc rsssco.s* so utf&t&ss&ty sjgaaJs, Msjis- 
ov«$\ sir&sigfs OA doe* mss rmesorypjeaby aifesi She msOhraSioe of 
DC';, ^.pasxm of DC to OA <?,«««§. BKb«r»Sk>» rsStaSfe j» a 
sfaMy .isdsG«si IS^ISpYS-gsroshscstsg capacity la m$mm ¥» mim- 
qassS i!i*:vssfi» fcjf fee T cslf-dariyed ssgjjsi CD^Otv ISss sessfes 
i« fee pokrfeob.oo tUgtemmr nmvn- Th csife iaiss sifecSor IL-*. 
prsxhsc&ig Th2 eelis hssd is <K%&m?&&i«£ by erfeaBced sicft.'!i>33 of 
fce, wti-Metmrnksxy- syteidss JL-.J 8. 

Materials .aad Matlieds 
/foflgeyss* 

Hbmv&Ul&SF (s?. ««. Ml X JS> r U?a^) w»$ a gsS >sf ikjisriag- 
i'iosgh (Ud«8. Jftasidw ji?N-y {*?. 8 X U>* fVras,: 
»«.« :» gss'i of Be P. H, V5i! ««r hSeki* (tKytte*. t&seto, TJw hk-ii»t- 
btoSs). ihsswb ; rJB-3 was ebsaiaeri ffeom Cttsss i^tmyviHe. CA>. Harass 
*JK<4 (so-aos. :i y* j(f* l&Bgf ws$ eSssaiaeo 8w» i'hsrssss SkrfesissjfegSa 
HtefM*^ (HssuKjvsf, Gtnescy). H&kerk&ta <»>'.<-<tenvcsJ LPS km atv 
}s5nei3 Sns« Difsi> (JSeswi!, MS) «o£ was msssJ « ss !isSS«>$i (SsaeeastaSios 

wsj cfessfsx! ficx:) Sigjiw.-AiA'scii (Si. Ibiss. HO) «si w«i usk; is! s Sas> 
osiskeREfsstSsS of *iihsr i(> or 1.88 ptftai «t is 3 .»ad 4. 

&*s!«£»isSHjite GA (CO?>i; Sismx-AkirfcS) »~ss. «s<ssi i! ?)s»S(Nst «s«c«n> 
tisuojs* if S, 3,, esd: IS j^fat i^so. da s?:«S «s.j>«(i!!i«i$, fsfeass aaSs- 
testssm CSS roAk (C3.B-t.V3) jbsc 1 sssc«»e sa*i*«B»<K» CJ>28 snAb 

O^SS SS»se TiBs&Ssiaa S«vk« (AnuMtei, Tfce Hs'Jssc&ssJs) 4»x5 
wwis:y^^:^»fias:e«?ac>>airs!iossof i s»d 3 fss'fei, »«^»!(^M!Sy« *si?«s 
iaoisaiesS 0!5sswi» (SVig, S>. K 

(?«f}»iViiii>fi of mpxitsi.s OCfi-vw petipfara} StSaad «»»(^ 
indstctsim sf&G >?ytofe'«e p>ffi&a;iian, ami ittdOGiimi of DC 

'XttxMits* CDi**CDJ4~ !XHv«ii s«K«fsitti Sow p«r:{sharsi s->>aO bk«o- 

^asisis CSS Ji^si; Sa!**6«, Hsss:'5sss, T5>s: Nea'wf;iss5s) j ?CS (Hy - 
Ooae Is'acsjwjies. iogw, UT>, <3M-C5F {SCO Uvn5}, as* ?W (250 
OftriS) AS day a. fe»«sKsMS QC <S X SO* 1 isife-W;; w« jiissifefrxi 
wish LPS sa <r;&5f tjw sshsanee of flse jsrsssaot; of DVff-> <S3 5 U/«ai) « 
?5^!*>«JS Bsf-SjaiiOis iiiSfsai pisfas (Cos^v, Casuskigiik hSA) is iMpMote- 
S&BBBg FCS is s Sis; yo!u!j« of JCO i& C-A {», A «■ HS ,«§*«*) 'w»s 
SiSd'aiS «ii!>si- iiioas or «Sssasi3(»ossiy wisf; .U>S ± 1?N-V. Si^wowtaaw 
w«cs IsaA'Osfatl sSsf M h. Aifira&siwJy, -ii Oiy 6, ff55!js»s>as BO w«fi: 
iri^issod » awioro Sy a l-^isy *xposois So U'S (J80 agAob is tb« r'»5«s«s 
«r sa ihO&^cilSoHia f«wsj«i;e of t<A (5,3, ar :S5 jigosij. AS! Si.*S5oa«mSOS!S 
:«es« aosfaoTsaS after >.stv«ssj!s§ tho caife si 4»y S *sii aife aMsnsiva sssSs- 
iag (foisf Sia>*s h i* «ii of soi&iss ajodiiia;) So jesoovs mioWi feasors., 
Us&m-Dt CS K IS* st&stemy «»!« aimM wiOf ifes O3405,-<s«b»- 
Sixiso 1558 ««a !fcse (2 * SSt* sobs; s gift of BsvS 5 . S^ase, BeivBtsiQ.- ai- 
Bsissinghsss, Siosinjj}»ai. U.K.) :s SS-'sssJ Ssi-tsSSaas isifens pSsisit 
iCasiaf) is iMBa-S <x^aito^ i i)^S. PCS w » fsasi "v^iusy; af 50i; &ti, Sit* 
fjemsfess SatvaiisO «S«r SO h. 'Tfeo iosfaii >sf it.- iSa'JSS, SL-iS, 
SL-JO, sssrf w«f? »o*ss«»o ay SL5SA {sao twiays). 

Bsiys Ci34 ,, 'C£J J SiS:A' 1 "CB*iXO~ Tfe <aiis wars issiaiesi Sors ?<s : -ii3he:Tti 
Ssieoii Sssskaeyiis, wish SHs sagssSva sak«Sia»5 Ssssfaoa CSJ-'S *ST0>S-5 X0~ *o5- 
ams sis i,S:'5.:> Sy? sssis, Mistwa^tk, afN). litis osa'faxi yi«isSa t t aighiy 
osrifM osSvo Tfe ao5> ss asssasad hy Sow «yioB)««y f>?8& 



•i£8«*C»!^*CS»»8rv <1H; 0314*, CD5<T, dais aos 
shas-s), 

iixd ■&ttk$m&«( priming <f-«ytoklm 

fcjitvs. >a- eaiis (2 x seSs) csssstsatssi is S»-«-oii Ski-SeiSoa; 
as-ftite jiafo5(C(SS5f:)is MSM t-oaoiioiag Wii PCS >v5& s6S*^>«ift «w- 
kh* pC(S >f SO* w&) or wish ssmUs&m mstimt £(C-{5 X I8^'«»lis) is 
iha pios«st>* ofSiiS (58 RgSo; or SOo p^sl) is a Baai voiuBSi: of 2SK3 jtS, 
Bs&a sfee eosuissHs, DC w» iss&xxi m fsahao ay ejsjsssssw » t?S fe 
ei&rthsaasBar* or iivs arasssv* of GA (i, 3,of Wft&mi). Ahamaiivsiy, 
Si.- v* Ti; j»!is SJ A ! 0 s eaiiaCOS id} 5!fesssi5;<: in Sise sbsaiKO OfJ)C 
arbh siiSishia *sSi-CB3 sttei &^>C02J> (KAha is (he shssaao m ti® psssaiiia 
of OA (i, .3, «• JO jfifAj-i!) 5a Se- wss bss-haiSais eo%ias pisifs- in 
.vmitsim '0^ K^, Sb^> k She ASrC^at»askaS sosi is ths APC-sxis. 
peukd ss;Ji«sSk>s pf^saoois, 8.4 CO Ute^ w*» stisia^ sis y S» saa so* 
asiiaros wars KOiisar c.'.r>aa0aO Sc.- anstiirl 0 dsys. S'X: sisy 14,: sssSifig 
rsatsoiy ?h o;iia "svefS h>srw;$ts3, wasj5a<i.. stoS ycsOsjjMSaSaO wish ¥'HA 
(Sigjaa'Aioskh) arts joaaaryssa (SSssaa-Akkirh) m Sao sf«s.«f>fa of ercSsi- 
f-is A .;3i§!SS.-A!o;kh) So ootoct She jatcaeaiiaiss pra4l!rif«R *f SM SSiS 
SJrK.?. AiSaraskwiy, as OAy H rsatjeg 'J>i o>iia w« rasSaxsswd w5Bs 
seia'aio nafaOSSS mni ssSt-esaSs mAbs (15), iSi* csososSaaSios* of 
iL-iv iss 7Z4k spa** wars aeosfsBHsaa" hy Kf.SSA fsoo ijssiaw), 

■ifsdtKskm mi mamvnmt tf'pivl$widhK twytem in veto* 
Ths«!k 

tfiitm th caiis (2$ >< W raiioCSS #ti> we« oaeoiSuf SS its 9S-vroii &a- 
350(Saa> |5iaS«s (Cosiarj «i:a taatrississ; xiosteteg of sbos;as«k BC. 

{iS'-Ss; 1 ) ct ari& jasaiogoss DC is ihs ssSshiSioosi gsssoaae of 500 0'sssl 
S8S. Cr!i p$aU&f*&Kk wias issssssiS ay aioassrSas sb« io-roaixxsrioO of 
pifjfshs (Savlkahrraksj s>nsot, Asossshsoi Hiisrosssis, US!!* CSssifssai, 
iiJC) Ssy 5*>5aia $>Ji3Ssiis0sf5 $rx»a-»srosy sfior a p»i*» *iib S3 SSo/woH 
owing •in )m li h af 5 3-say (S£B) «f **fa<f ®&J$ 'wtHm 

-£w!w#km &fe?x>km pmtueiim 8t:&$ $&0&&ilfcmi 

To ovaiasi* 5aS3<ei:oiis? *ysckiB«: axfssssiaa, Th ««Ss utm 

hsr<ss«4 WAshoci, asxS t*»fea»te«sJ i ! M A (! 0 ntfs® m4kmm>f&h 
{i fi^kttiy fhr « h, s>;o -ass S h ia She $ommi $mm& of brefeidsfi A 00 
^a/mi). 'yhtresfSsr, 4m a<r5!$ woov wasSxxi its J?35S, &&t iVsr J SosSis as to&m 
SssapofSftiss 5a i'SS o>aS«is.'ag 3% p*t*fotm&hfcFSx> AisihssiS 
nxsifshasSioa aui&s (SSS <Xsttown% lXS/% H^ieii, \%.B&A, i)d0S% 
NsA'j) wish ?JTC*iab«!aO ffiooss; anSi-ausoss .5FH-y (kks3h) saa" f [ f;-ia- 
hska saaasa a:Si-has«a Si. -4 HaCii) >>r iao mpedm .kaiy^-ansSOteiJ 
«o»sro:x (a!i &<m BE i'ijarMkfgta, S*a Siago, C'iki. SaSsseojjansSy, She 
satis >y«aj -Asshas, siispsaasvi Sa P8S rxwaiisir^; 1% .8SA sad Si OSfA 
Nafi'j., aoS saaSyjao hy Sow cgmmtoy. J»s» «eso SssaSysesJ wskg Wsa ; > 
MDI xOiJv>-sso i)i^>.^to^i0pp$.a0a.<i. 

W»du«gkm f><"cy>'oAino pr&sktciittis !>}' £&l$4 

''BemitomkM ef5VS^?0 eossss^stfcaa is ssSSis-o sogwssissts was aor- 
tfkami hy sfstiifi* soikvpisaat smsh^Ss, EL5SA as a*essriheS pssviaasiy 
(S), Sib of sssoifit trs^hs ssstv :-a<xi!sjh:r:a3i; ojiohhw; ftts>isfet^s '<rora oiv 
Sa;:si-3 S»a; SiaSoofts SaSsosftk-asS Siiaasoiiio, CA) for she. rfaSmwAaSioa 
«T iCS, jtmS Thif - «, m& fim SD ~msWfa$ta Jor ih« iSsSsrs'SKaSioB 
of ;S.-5-t>. The raajroSiae hsiiS? af 0ss.se SOSA «r» us. foSawj: 5L-S, 20 
f#»i; 38 s#ah iJ,.-i0, 33 pgksV B.4%m-S.p#ii*i.aa8W^t,;29 
SSot>>- 

SfSj&j'A-ot 

Vim ware osaiyTSO !af siatistks! sig^ffsassao wkh ihs S>;sp!>3ao iaSSaS 
■tsftums (vasiiaa 3.s;Si;.<.i«!Bfj?sd, Sso Diajo, CA) aa« AhiOV'A fsi- 
hjsfss hy BisfsaaSS's xa&iph mtspxtisixm Ssst A j> vstfiJe of <0,S}S *'ss 
soas&reS So Ssa iae SeveJ of 

'■(M'&.ajMte&fy* inkihUw <if $yt>>i;im gtp&wfl&t fry (&tu®4%t# 
aeffs<w, ! BC 

rSscsese OA is thafsfssatiiiafiy apoisad s,c< w fsrss: arifiesssad She 
s^estkyo of. wbeohe; OA sefloeooss tfss seoboei fbooaor! ssf rissse- 
iyyse BCi To ibis srsS, irKO-iaksr* .DC ware asfs vaSaat by sspemsr* in 
esthof k the ebfoooo or m ihe gm&m ssf sooressiog rJosess of 
OA. J% 1 iSfipliSa sha rag«1atofY eifaei of OA eh fho preohscs.ioo of 
mmi DC-4es-imi kikw.sfos>- sse^tom Tfes soos^os cl h'so 
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FfGK&E J, OA is a selective inhibitor of cytokines sroductfon by im- 
mature DC. Day 6 immature DC were stimulated with LPS to the absence 
or the presence cf the indicated concentrations ot'GA. The concenrradons 
of ;L-s2p70 (induced in Use presence of iFN-y), and TNF-a is 

20-n siiperaatants were evaluated by ELfSA. Rssu!is 1 expressed as the 
mean ± SD of triplicate cultures, arc from one ettpenment representative 
of sis. Data we;* analysed for siatistieai significance using AKOVA fol- 
lowed by Dennett's tncitipie comparisons test. »,p < 0.05; #,p < 0.01. 

Thi-polsrizitig cytokine IL-i2p7G was clearly inhibited by the 
presence of GA in a dose-dependent manner. Similarly, although 
to a lessses' extent, GA reduced the secretion of the chemoafiraetant 
iL-8 and of the prohdiarnruatoty cytokine TNF-a. In contrast, IL-6 
secretion was hardly affected its the range of GA doses tested, 
suggesting a selective role for GA it; she regulation of DC cytokine 
production. The production of 11-10 by the DC was not detectable 
in nny condition, In the absence of LPS,' GA by itseif did not 
indues DC cytokine production (data not shown). 

Efecter DC nasured in the presence o/QA have, a reduced 
lL-i2p7Q~prodtidng capacity, but not an impaired 
immvsmstmxiiasory capacity 

We and others have shows previously that certain imtr.ur.e medi- 
ators attd anti-inflammatory drugs thst inhibit IL-12p70 productis3B 
k sentinel DC also prime maturing DC for a stable effector phe- 
tiotype with a reduced capacity to secrets JL-S2p70 in response to 
subsequent CD40L-dependent activation <i3— 19). To study 
whether GA exerts a similar effect, DC were rtsatured by exposure 
to LPS during 43 h in the absence or the presence of increasing 
doses of GA. Subsequently, DC were thoroughly washed ie re- 
move residual factors, and stimulated with CD4QL-trarisfeetcd 
cells. Fig, 2 shows that maswahan of DC in the presence of 
GA resulted in a dose-dependent reduction of their capacity to 
secrete lX-52p70 in response to subsemrent. activation by CD4DL. 
A comparable effect was observed for TNF-a, whereas fL-8 se- 
cretion was inhibited to a sstteh lesser extent. la contrast, IL-6 
production was hardly aliected, again suggesting that GA selec- 
tively regulates DC function. The production of EL- 10 by the DC 
was not detectable irt arty condition. Similar results were obtaiaed 
when DC maturation was induced by the sorabmaikat of IL-lfi 
and TKfF-o! instead of LPS {data not shown), suggesting that ths 
effect of GA does not critically depend on mieroewvironrnettfai 
conditions. 

Maturation-associated phenotypieal changes are characterized 
by the up-regulaticn of class 13 MHC, the costimniatory molecules 
CD4G, CDS0, CD86, OX40L, ICAM-1, and the acquisition of the 
mature DC marker CDS3. DC matured with LPS (or with T£-i8/ 
TNF-b) acquired these mature phenotype markers irrespective of 
the presence of GA (data not shown), Matnre DC are the esshisive 
effector APC for lymph nods-based naive Th ceiis assd conse- 
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FICTBiC 2. DC exposed to GA during their Etatoration have a reduced 
tL-]2p79-preducinj; capseity upon subsequent CD4t3L-dependent actsva- 
tion. Day 6 immature DC were induced to nature by a 2-day exposure to 
LPS in use abseriee or the presence of the indicated concentrations of OA, 
After jSS b, at dsy 8, matured DC were washed thoraugWy to remove 
ren'dtia'; factors, DC were then stitttul.itrd with (he CWOL-trassfeeted 
«el! line, and 20-h supemstante were celleeied for cytsidRe irieasaremeni 
by EU3A. Results, expressed as !be mean cytokine ccncsnSstioa ± SD of 
triplicate cultures, are fern i experiment representative of 10, Data were 
fwadyaed for staiisucat signif.eanci nsing ANOVA followed by Dtmnett's 
muttiple cemparisoris test. *, p < 0.05; #,p < 0.0S. 



qnentiy for the initiation of specific immune responses (1). There- 
fore, we addressed the question of whether exposure of maturing 
DC to GA affects their irnmunostiraulatory capneitj' toward naive 
Tit ceils, by testing the capacity of OA-treated DC to induce prc- 
iiferation of either allogeneic naive Th ceiis or autologous naive 
Th ceils sn response to SBB. Pig. 3 shows that exposure of DC to 
GA during maturation did not impair their immunostirnuiaioty po- 
tential as judged by ths similar proliferation rates of naive Tb. celis 
in response to DC exposed to increasing doses of CSA both ist the 
MLR and in She SEB models. These results are in iiae with the 
unaffected acquisition of the mature phenotype. Together, these 
date suggest that in die presence of GA, DC become genuine ef- 
fector APC with a stably reduced capacity to produce Q>12p7G. 
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FfGliJAE 3. DC exposed ts> GA are not impaired m their capacity to 
activate naive Th cell pretlifetadon. DC were matured with LPS hi the 
absence (O) or the presence of increasing doses of GA (1 jug,'ssi, ®; 3 
figftn!, t£; cr 10 ji&'ini, A). After extensive washing, mcfeasing nsjrabers 
of DC were used to stimulate eithtr 25 X id 4 allogeneic naive Th celts 
(MLR) or 2,5 X 10* autologous naive Th ceils in the presence of iOO pg/ra! 
SEB. The proliferative response was determined either at day 3 (SEB) or 
day 7 (MLR) of coculfure fcy j J £f|Td& incomoration. Results, expressed as 
the mean spm i SD of iripikate cultures, are frotn one experiment rep- 
nsseattative of tour. 
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GA INSTRUCTS DC FOR Th2 SHIFT 



DC matured in She pretence of GA induce Tk2 cells 
accompanied by high levels of IL-IO 

The levels of DC-ticsrived ?I.-12p70 play a major role in Thl po- 
larisation (2, 3), Hence, we studied so what extent the exposure of 
DC to GA hampers the early commitment of naive Th cells to 
become Thl cells. To this aim, effector DC were generated by 
maturation with LPS in the absence or the presence of teraasing 
doses of GA. After 48 h the cells were thoroughly washed artd used 
to stimulate allogeneic naive Th cells or autologous naive Th cells 
its the presence oi' SEB, The polarization of effector Th cells was 
evaluated by detettninhtg the productions ratios of signature Thl 
(IFN-y) to Th2 (1L-4) cytokines at the single-cell level. Fig. 4A 
shows that DC that were matured in the presence of increasing 
doses of GA promoted the development of IL-4~prodne3ng eifector 
Tn ceils arsd inhibited the generation of IPN-y-prcducing Th cells. 
The dose-dependent shift in the ratio of IFN-y-prodneing cells to 
fL-4-producing cells positively correlated with the dose-dependent 
inhibitory effect of GA on the Xb~l2p70-prodvie.isg capacity of DC 
and indicates feat GA modulates DC-derived IL-32p70 to control 
the polarisation profiles of inflammatory Th cells. We subse- 
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¥ f GlfRE 5. GA does act affect sislve Th cell poiarizatior. in the absence 
of APC. Naive Th ceiis were activated with the indicated concentrations of 
soiuhle anti-CD3 attd soluble ann-CHJiS mAbs in the aisseace {□) or the 
presence of iacreasing doses of GA (i jjg/mt, 88; 3 ptg/ftil, SS; 13 /ig/nil 83). 
The cells were allowed to expand until they reached the resting state. On 
day ;<i, the quiescent Th cells were restimuSated and analyzed for iaba- 
cellulaf 1L-4 and Wti-y production as described in the legend io Fig. 4A. 
Results are the mean percentage of positive eehs ± SO of three indepen- 
dent expeoirjei'.ts. 
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4, DC exposed to GA during maturation induce the deveicp- 
mens of IM-secretistg Th2 celts with elevated n,-iO-secrefing capacity. 
Day 6 immature DC were iaduced So rasters hy a 2-day exposure to LPS 
in the absence {□) or the presence of increasing doses of GA (1 figfai!, 58; 
"i fig/mi, 8% 19 pg/'m), SI} and were used io siimni3te allogeneic naive Th 
cells (MIS.) or autologous naive Th ceiis with SE8. A, On day 54 she 
quiescent Th ceiis were restimulaied whit PMA and ioncmyciR for 6 h, the 
last 5 h in die presence of brefeldia A, to detect the intracellular production 
ef 37,-4 and IFN-y. Results are the mean percentage of positive cells ± SD 
of three independent experiments representative of seves. S, Alternatively, 
the quiescent Th cells were reslimu'taicd with anti-CD3 and aati-CD2S 
raAbs, and the concentrations of secreted IL-iO its 72-h supernatants were 
determined by EL1SA. Results, expressed as the jneaa IL-iO concectra- 
tion ± SD of triplicate cultures, are 5am one experiment representative 
of five. Data were analysed for statistical significance using ANOVA 
followed by Dennett's multiple comparisons test, < O.Oi. 



quently evaluated whether this Th?. shift is accompanied by the 
induction of IL-lO-ptodachtg Tit ceils. Fig. 43 shows that expo- 
sure of DC to GA during maturation resulted in. the gesterstion of 
Th cells with a strongly enhanced capacity to secrete the anti- 
inflarrvrnatofy cytokine lL-10. Together, these results indicate that 
GA modulates the A?C function of DC to induce anti- 
inflammaiofy Th cells producittg anoVor IL-iO, 

To further invesbgate to what extesi this ssttj-irtSammatory ef- 
fect of GA depends on the presence of APC, naive 7'h cslis were 
activated in an APC-free system wish soluble mAos directed 
against CDS and CD28 its the absence or the presence of increasing 
doses of OA. The obtained resting effector Th cells were resthn- 
uiated and evaluated for their production of IFN»"/ arid 1L-4 at the 
singic ceil level by Slow cytometry. Fig, 5 shows that in the ab- 
sence of APC, OA was tmsble to asTect the balance between Thl 
and Th2 cells, indicating that. DC are critics! for the GA-mediated 
shift in the Th ceil proisle. 

The present study shows for tits first time that GA induces antt- 
inffemraatory Th cell responses by tssodulating the APC function 
of DC and not by direct effects on the Th ceils. OA selectively 
inhibits the production of DC-derived inflammatory mediators 
without affecting DC maturation and the DC imruurbostimnlstory 
potential, DC exposed so GA during maturation have an impaired 
and stable rapacity to secrete the ntajor Thl -polarizing cytokine 
3L-;2p70, resulting in the induction of a population with ata in- 
creased frequency of effector IL-4-secretisg Th2 ceils accompa- 
nied by enhanced secretion of the anti-mflamrcatory cytokine 
1L-10. 

It is generally accepted that OA exerts its effects fay modulating 
T ceil taction (reviewed in Ref, 3i), With respect to the binding 
of GA to irnraune ceiis, in vitro experiments have shown that GA 
brads promiscssoosly to class 11 MHC {32-34), thereby competing 
with MBP-derived peptides for the MBF-speciSe TCR (35-37). 
This is an implausible setting its vivo. GA ss rapidly degraded into 
steal! peptides (45), and it is ttnlticefy that 20 sag of GA adminis- 
tered s,c. would be capable of exerting TCR antagonism by dis- 
placing relevant auto-Ags in both the CNS and the immune system 
(~6). GA is iveli tolerated, and s.c, application seldom results in 
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Distinct subsets of dendritic eeffe (DCs) {rased en rfte mign, pher.etypss, and the noture of the sgnore thai prttnoie DC maturation can 
determine poterized immune, respenses ef T ceik. fn diis stafy, DCs were cultured from mouse coot rcxmw (BASj iJ.-ngs»;«ora it 
g«snu}eej*s~;?wa«tiisfige cofofsy-sthmiiatiiig factor (GbVC&t). 7'o jenecoie mature DCs {mDCs), Hpopttiysacchatide fi.PS) wes wed in tft* 
cufttffis for 24 h. LPS-stimukted DCs were fshenat/pka'.ly mature, which exhibited rtrorsgJy upregufated C040, B7J, srrd B'/J compared to 
non-ff'S-stfmutotesi istimutiire DCs (ImOCs). Both mOCs and imBCs expressed high kveis of MHC doss I! but low fere? sf mDCs 
eredueed higher levels of ?L~1£> one 1 tow fM2 compared to fmDCs. Ne fftV-'f or wes found in both groups, Wfww mDCs were 
!f?jscterf rrftroJjerita«of.y ft.f>.) to the mite with experimental aatoirrsmme encephaiomyeiius (£A£), 'Me severity of c&Jfce' signs end 
inflammation In the CN$ was significant!? suppressed compared m imOC-injeiitd mice (p<0,0i) and PSS-fnjectsd mice (p<0.02). Moreover, 
/ynifrfiocvses from mDGmjecterf rr.fce produced lovrer level of !L~i2, IfN-f, 1» fitter level sf SL-10, enmpared to imOCinjected and non-DC- 
injected sra'te. We widude tfrcj BAtVnDCs, out not SM-imDCs, promote TM differentiofen srsd novo firs puoswyVji fbr suppression of 
inflammatory demyeiination. 
Mu!tipte Sclerosis ( '2002j 8, 463-468 
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introduction 

Specific immune responses are orchestrated by type 1 and 2 
cytokines produced by &nfigeri-sctivsted Th cells.' How- 
ever, less te understood about the cellular and molecular 
basis of TM/Th2 development exerted by other parameters, 
such as how antigen-presenting ceils (APCs] snfmerice this 
process. Experimental auioinusune encephalomyelitis 
(EAB3, an animal model for the human disease multiple 
sclerosis (MS), is a T-ceil-raedlafsd central aervous system 
(GNS) autoimmune disease. The autoreactive Testis, direc- 
ted against naaroantigens, including myelin basic; protein 
and myelin oligodendrocyte glycoprotein (MOGj, are of the 
Thl type that produces WH-y and TNFand promotes cell- 
medistad immunity, while Th2 type cells thai produce fL-4 
and IL-10 contribute to the disease remission and tolerance 
Induction. 2 5L-12, an important cytokine produced by acti- 
vated APGs, induces IFN-Y production by T and NK cells 
and is pivotal its Thl-type irrimuns rsspoase development, 5 
IL-12 is involved in the induction asid maintenance of 
EAE. 3 ~ ? Undarstaading the cellular arid molecular events 
responsible tor the preferential polarisation toward Thl or 
Th2 responses at APG stage could help identity new targets 
of therapeutic intervention in EAB and MS, 

Dendjitio ceils (DCs) are the most potsnt APCs that 
possess tire capacity to activate naive T ceils to initiate 
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immune response. 8,8 DCs were previously considered as s 
distinct lineage of antigen-presenting leukocytes with 
potent capacity io induce primary T-cell-mediatsd immune* 
responses, ,0 Recently, it has been proposed that DCs 
should be regarded as a muitiple-liaeage system of leuko- 
cytes with variable funcUons rather than a homogenous 
cell type with predetermined functional properties. w Two 
possibilities could result in ibis mniUltaeage and multi- 
functional: different subsets of DCs, or the activation/ 
maturation state of DCs regardless of tiieir origin or sub- 
type. These differences coald decide DCs as ihs initiator 
and modulator of the immune response," Several studies 
have shown that certain DC populations could be imam- 
noregulatory and able to suppress diabetes, 35 "" SAE 55 "" 
and extend the survival of transplantation, 18,19 In vitro 
antigen-pulsed bona rnarrow-derived DCs 1 * and DCs from 
EAE rats ;s could induce toSeran.ee against KAB, The effect 
of .DC maturation on the pathogenesis of EAE has not been 
addressed. In the present study, we Investigate the effect of 
matealicn state of bone marrow-derived DCs on the in- 
duction and maintenance of MOG-induced EAa. Thl/Th2 
polarisation driven by immature (imDCs) and mature DCs 
{mDCs} was further studied. 

Motsrhh and methods 

Geneixitton of DCs from bona marrow 
DCs from femurs and tibiae of female, seven- to sight-week 
old C57BL/63 mice were prepared as previously described, 10 
Briefly, bone marrow (BM) ceils were flushed with PBS 
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nsing a syringe with a 0.45 mm-diarnster needle. After 
dusters within the marrow suspension ware disiategrated 
by vigorous pipetting and washing in PBS, the suspsasion 
of leukocytes were cultured in bacteriological 100 mm Fstrf 
dishes (Falcon, No. 1029/Becion Dickinson, Heidelberg, 
Germany) at 2 x10 s par dish in 10 rat culture medium. 
Cell culture medium was 8PMI-I840 (Gibco~.BR:,, Eggen- 
stein, Germany} suppiemented with penicillin (100 U/ml, 
Sagma, St, l,o«5s, MO}, Streptomycin (100 ugfertl, Sigma), t- 
glutamme (2 mM, Sigma), 2-rnercaptoethanol (50 fiM, Sigma), 
30% heat-iosctivated end. filtered (0,22 urn, Miilipore Inc., 
Bedford, MA) FCS (Sigma}, and 20 ag/ail of recombinant 
murine granxilocyte-aiacxophage colony-stimulating factor 
(GM-CSF; ftproTeeh, Rocky Hill, Nj). At day 3, another 10- 
ml culture containing 20 ngna! GM-CSF was added to the 
plates. At day 6, half of fee culture supernatant was 
collected, centosfugated, and the cell pellets resuspended 
in 10 rati fresh culture medium containing 20 ng/nd of 
GM-CSK and returned to fee origins; plate. At day 8, the 
nonadherent ceils ware collected by gentle pipetting and 
were seeded into new dishes. Ten milliliters supernatant 
each dish was replaced by fresh culture medium contain- 
ing 20 Kg/ml GM'CSE For complete maturation, 1 fig/ml of 
iipopoSysaccharide (LPS, Sigma] was supplemented into 
the culture at day 9 (mDCs), and the wells without LPS 
served as iirsBCs. At day 10, ceils were collected by gentle 
pipetting, washed in PBS, counted, and were ready to 
use. Superuaiants were collected and stored at - 7ff C for 
future EL1SA assays, Willi 10 ngfexl of GM-CSE these 
cells could be kept to day 13 for use. One microgram LPS 
was provided at day 12 to imDC plates to certain dishes 
to yield mDCs. 

Flow cytometry of purified DCs 

The purity of DCs and the maturatioB status were deter- 
mined by flow cytometry. The following antibodies were 
used in this study: CBllc {HL3, hamster IgG), I-A/S-E 
(2G8, rat IgG2a), CD50 (B7-1, 16-10A1, hamster fgG), 
CUSS (8-7.2, OA, rat IgG2s}, CD54 f!CAM-l, 3E2, hamster 
fgG}, CD40 (3/23, rat TgG2b). CD3 (145-2Ctl : hamsfer IgG}, 
B220 (RA3-0B2, rat IgGSe), end Isotypo controls. 

Cytokine production by DCs 

Stipsrxtataxits collected from rnDC and imDC cultures were 
analysed with anti-mouse IFN-v, IL-4, ID-10, and 1L-12 p?0 
(all from Pharmingen, San Diego, CA] antibody pairs fol- 
lowing the manufacturer's instructions. The concentrations 
of detected samples were calculated based on the standard 
curves of known concentrations of relative cytokines. 

Induction of fits 

Mice were each injected subcutanecusly with 400 fig MQG 
peptide 35-85 (MOG35--S5) in complete Ereund's adjuvant 
{CPA} containing 4 rngfed MycobacSsriiast tuberculosis over 
two sites at the back. Pertussis toxin (300 ng; List Biological 
Laboratories, Cawipbell, CA} was given forrsparitoneally 
(i.p.) oa days 0 and 2 post immnniaation (p.i.}. Peptide 
was synthesized and purified with HPLC by the Protein 
Chemistry Laboratory of the University of Pennsylvania 
School of Medicine supported by core grants of the Dkbeies 
and Cancer Centers (0K-19525 and CA-16520). 



In vivo treatment with DCs 

At day 0 p.i, 2 x10 s mDCs and imBGs were suspended into 
0.5 ral of PBS and administered i.p, to each mouse, every 
three days for five times, DCs were washed three times 
with PBS before injection. Mice receiving the same amount 
of PBS (non-DCs) served as controls (n-3 in each group). 
Clinical scores were determined daily by two blladed 
observers, A clinical scoring system wife a scale ox 0 to S, 
with 0.5 points for intermediate signs, was used as follows: 
0, normal; 1, flaccid tail, abnormal gait; 2, bind leg weak- 
ness or severe ataxia; 3, minimal hind lag movement; 4, 
hind leg and foreiimb paralyzed; 5, moribund or dead. 21 All 
work was performed in accordance with the guidelines for 
animal use and care at the University of Pennsylvania. 

Histcpathoiogical assessment 

To determine pathological signs, animals were perfused 
through She left ventricle with SO mi of physiological 
saline containing 2 U/nd heparin. Braias and spinal cords 
were harvested at day 28 p.i., embedded in paraffin, and 
sections were stained with haematoxylfe and eosir. for 
assessment of inflammation, Two investigators unaware 
of the experimental groups to which the tissues belonged, 
assessed inflammation as follows: 0, none; 1, a few inflam- 
matory cells; Z, organisation of perivascular infiltrates; and 
3, increasing severity of perivascular cuffing with exten- 
sion into fee adjacent tissue. 

Gytokim production of lymphocytes of DC-trsated wica 
Suspensions of mononuclear ceils (MNCs} were prepared as 
described** from the popliteal and inguinal lymph nodes 
from imDC-, mDC~, and PBS-snjected mice and cells were 
suspended in RPMM640 supplemented with 1% (vol/vol) 
MEM {Gibco), 2 mM glutamine (Life Technologies, Rook- 
ville, MB}, 50 IU/mi penicillin, 50 mg/ml streptomycin, arid 
10% (vol/vol} FCS {Gibco}, The ceils were washed three 
times and then rediluted to a cell concentration of 2 x 1 0 f ,'ral, 
MNCs were cultured in the presence and absence of 
MOG35-55, After 43 h. supematants were coilected and 
the production of iFN-y, 1L-4, U.-10 end 11^32 were analysed 
by E1JSA. 

Srabsfics 

Mana- Whiiney fl-iest was employed for comparing clinical 
courses. ANOVA and Student's t-test were used to compare 
degrees of iiiflanimaiiea and demysliaatioa. p<0,05 was 
considered significant. 



Results 

yield, purity, and maturation of DCs 
BC yield, purity and maturation status was determined 
before these ceils were injected. At day 10, nonadherent 
calls were harvested and approximately SOxlO'" of DCs 
were obtained per mouse. There was no difference to the 
number between LPS-stfomlated and non-LPS dishes. By 
exchanging the supematants with 10 ml fresh culture 
medium containing 20 ngfel of GM-CSF, DCs could be kept 
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F%ttre 3S Ceif surface markers efBM-DCs, On days 10 and 13 of ' culture, nonadherent cslk were harvested and approximately SOxiif DCs 
were obtained per mouse. There was no difference in the number of DCs in the XS'S-siirrtulated and nan-VPS dishes. DCs were defined os 
CDiic* GOS~822l)~ and thair parity was SO -83%. 8M-D£s {iv.llf) were washed, stained nith directly labeled antibodies and analysed 
with fmsr-coior FACScm. Data represent tO.uaa events. Numbers represent the percentages of different populations. Similar results wre 
obtained p-ern jive repeated experiments 



until day 13 for use without affecting the viability. Purity of 
DCs was defined as 00110*003 "B220" and the percent- 
age of these cells between day 10 to day 13 was 80-93%, 
Eignre i showed flow cytometry results from day 10; similar 
results ware obtained at day 13. The exposure of BM- 
derived DCs to LPS results in the initiation of theii' final 
maturation. This was evidenced by the upregu'istton of 
surface expression of CD40 {92% versus V.4%], B?.'i 
(17, !% versus 2,1%}, and B7.2 (65,6% versus 18.1%) com- 
pared to Ron-LPS-stirmiiated imDCs, Both mDCs and iniBCs 
expressed low levels of CD5^ (0.1% and 0.2%) axtd high 
levels of MHC class K (73.6% verses 88.3%). 

Cytokine- production of imDCs and mDCs 
To farther identify the phenotype of mDCs and im'DGs, IFN- 
7, IL4, IL-10 end E.-12 production was measured from the 
culture supematanta. As shown in Figure 2, mDGs pro- 
duced higher levels of IL-iO {7,1 ± 2.2 versus 3.5 ± 1.5 ag/rai; 



jP<0,05) and lower levels of IL-12 (7,0 ±0.5 vs. 14.0 ±0.1 
pg/fltl; p<0.01) than imDCs. No IFN-y or FL-4 was detect- 
able la both groups. 

mDCs inhibit development of clinical EAB 
We investigated the in vivo effect of imDCs and mDCs on 
clinical BAE (Figure 3), PBS-injected control rakes exhibited 
characteristic signs of 13AB starting on day 34 p.i. The 
maximal mean clinical score reached 3.5 ±1.0, end Shea 
progressed, Ta imDC-iruected mice, the msxitnal mean 
clinical score reached 4,3*0.6. There was no significant 
difference between those two groups. Although rnDC- 
injected mice exhibited similar onset as iraBC-injected raise 
end ncn-DC-injaeted mice. These mica developed signifi- 
cantly less clinical scores of EAE. The maxirnel mean score 
was 2.5 ±1.1, then gradually decreased to 1.2 ± 1 when these 
mice were sacrificed at day 28 p.i. The differences were 
significant between rnDC-tnjected mice sad FBS-infecled 
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figure 2 Cytokine production by imDCs and mDCs. Supematesnts 
from imDCs and mDCs wsrs collected and lFN--f, U,-i2, 1L*4, and 
SUlo pmdtrarscm ware tested is; triplicates by samswieh BL1SA, 
* *p < 3.0 J, and * * " p < 0.001 . AS experiments were repeated three 
times wflh similar results. Bars*" SB 
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post iifjeiuaizatias 

Figure 3 mDCs inhibit development of vlinieai SAB. At day 0 p.i., 
Zy.icf of aither mDCs or imDCs ware suspended into 0.5 nil of PBS 
and administered i.p, to each moose, every tiwee daye for five times. 
Control nttee wsreinfeeted with PBS only (nan-DCs]. Clinical disease 
was evaluated doily in a masked maimer. Symbols refer to mean 
clinical scores (n~4 in each group), (*) p<0.SS and (**) p<Q.Q2 
between mSC-injectsd mice and PSS-injected mice. Arroivs (\J refer 
ta Sie days of treatment Tim experiment was repeated (n-4 in eooh 
group) with similar resoiii 
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Wfi-J iX-4 UAti It-!?. 

^Jgra-e 4 AfCC-induced cyfejiiras precfuci/oR tn DC-treated IMS' 
mice. i?3V-Y, it-3.2, 1S«£, an<? IL-10 production in DC-treated mice 
was detected in triplicate by sandwich BUSA. {"} p<0.OS, 
p<OMl, and (***} p<0.goi between PBS-injscied mfcs and other 
groups. f#j p<0.05 and p<Q.Oi hetiveen imDC- and xr.DC- 
injected mice. All expmisamiti were rapacdsd tk&sa timss with similar 
results. &az$~$£' 

mice ( p < 0,02). There was no significant difference between 
imDC-injecied irtioe and PBS-injected mice. 



Histology of EAE 

CNS histology was assessed in mice that had been treated 
with iniDCs, mDGs, and FBS. The infiltrates were dramati- 
cally suppressed in the spinal cord of mice injected 
with. mDCs (1,0 5:0.045 compared to iraDG-injeclsd mice 
[2,4 ± 0.2, p < 0,01) and PBS -injected control mice (2.1 AO. i; 
p<0.01). 



Cytokine production of mice treated widi isnDCs and mDCs 
To study the immunoregulatory effect of DCs in EAE. we 
analysed the protein secretion of Thl/Th3J cytokines from 
the culture supernatant of Ijrniphocytes of different groups. 
As shown in Figaro 4, MNGs from mDC-injeeted mice 
produced lower level of IL-12 (1,2 ±0.1 pgfhsl) compared 
to F88-injec.ted mice (4.8 ±0.1 pg/ml; p < 0.00 i } and imDC- 
sr.jar.tsd rriice (3.5 ±0.1 pg/mi; p< 0,01j when stimulated 
with autoantigan. The difference in the level of IL-12 
between nuDC-injected mice and PBS-injected mice was 
also significant (p<0.05). MQG-induced IFN-v production 
was shatter in inDC-urjected mice (3.8 ±1.5 ng/ml) and 
PBS-injected mice (7.7 ±1.5 ng/ml} but higher in imDO- 
Infecied mice (18,4+ 1.3 ng/nd} compared to PES- or 
mmDC-infected mice (p<G.Gl, respectively), Significant- 
ly higher level of IL-10 was found in laDC-injeeted mice 
(11.0 ± 3.0 ng/ml: p < 0.001) and imDC-injecisd mice (6.8 ± 
2.2 ng<'ffil;p < 0.01) compared to PBS-injected mice (2.4* 1.3 
ng/ml). Farther, the level of ih-10 in rnDC-injected mace was 
significantly higher titan in ImBC-injacted mice (o<0.0i). 
No 1L-4 was detectable in ah three groups. These results 
suggest that the immnnoregulatory property of mDCs is 
related to and elevated production of IL-10 and reduced 
IL-12. 



Discussion 

The present study provides evidence dial BM-mDCs, but 
not BM-imDCs, promote Th2 differentia don end have the 
potential for suppression of clinical disease of EAE. 

ft has beau suggested that APCs, among which DCs are 
the most potent, provided T cells not only with an antigea- 
specifjo stimulatory signal (signal 1, ligation of TO?) and a 
series of costirrmlatory signals (signal 2}, but also with 
signals (proposed as signal 3) that polarize Th cell cytokine 
production. 5 There exists a paradigm of type 1 and type Z 
DCs, i,e„ DCs with high IL-12 production (DG1, promoting 
Thl cell development) or DCs with no IL-12 production 
(DC2, promoting Th2 cell development). 53 Several factors 
might be responsible to the multiple functions of DCs, For 
example, two distinct lineages of human and mouse DCs 
have been described: myeloid DCs and lymphoid DCs. M 
In mice, lymphoid-derived DCs induce Thl responses 
and myeloid DCs promote Tb2 differentiation iri vivo and 
m rfire, 15,28 wMe in she human system, lynvphoid/plaa- 
macyioid DCs were shown to generate Tfs2 responses and 
myeloid DCs to generate Thl responses. 2 '' Even the ratio or 
stimulators [monccyte-derived DCs} and respondera (CD4 + 
T nails) may affect the differentiation of naive T cells into 
different T-helper phenotypes. 28 

The state of maturation is suggested to play an important 
role to the determination of the resting T-cell activation and 
the type of T-cell response generated. 29 After stimulation 
with LPS or IL-4, imDCs could become mature. Cultures of 
BM cells in GM-CSF plus repeatedly high doses of LPS from 
day 0 generate imDCs that induce ailoaniigon-spoeihc T-cell 
energy in vitro, while LPS given from day 8 turn Immature 
DCs into snore meture DCs. 20 DCs are an important source 
of IL-12; however, DCs may secrete more IL-12 at earlier 
stages of maturation followed by a gradual decrease in iL-12 
production at later stages of DC maturation, indicating that 
DCs may perform different functions at different stages of 
maturation. 29 in diabetes of NOD mice, both imDCs and 
IL-4-induced mDCs have the capacity io suppress spon- 
taneous diabetes in those animals, while mDCs were 
optimal, 12 It was shown that MBP TCR transgenic mice 
transferred with Acl-ll-pulsed DCs developed BAB, 
whereas those mica receiving mediuni-puised DCs did 
not. 30 Interactions between antigen-pulsed DCs and anti- 
gen-specific T cells could be seen in the lymph nodes 
following edoptive transfer of both populations. These 
results indicated that DCs could effectively present self- 
antigen to antigen -specific T cells in the periphery of mice 
to induce EAE. 30 In Lewis rats, BM-derived DCs that have 
fceeu poised fin vitro with antoaiitlgea peptide induced 
tolerance to actively induced EAE. 15 BM~DCs were also 
involved in 11-4-induced suppression of EAE by pro- 
ducing high levels of EFN-g, IL-10, and nitric oxide, 15 
However, the effect of mateation of DCs on the develop- 
ment of EA.E has not been studied. Oar study showed 
that, upon stimulation with LPS, DCs exhibited strongly 
unregulated cell surface markers for maturation, namely 
CD86 ht , GD8G hl , and CD40 i ". : compared to non-LPS sthnu- 
lated imDCs. mDCs not only produced ranch less amounts 
of 3L-1.2, consistent with the previous studies, but also 
produced much higher amounts of IL-10 compared to 
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irnDGs. Although im DC-injected mice also bad a tendency 
to induce less 1L-12 and more IL-10 compared to non-DCs 
(Figure 4), this effect Is not strong enough to overcome 
the pathogenesis. This strongly exhibited so-called DC2 
phenotype 3 ' of mDCs, is., high level of IL-10 and low 
level of JL~3.?., therefore, potently polarized the immune 
system to Th2 responses in EAE. 

How Tcatl develops into Thl phenotype In autoimmune 
diseases remains unclear, Ona possible reason for T-eell 
antoreactivity in these diseases is the result of an mabisity 
of APCs to activate immune-regulatory T cells, 33 which leads 
to en imbalance between the effector and regulatory T-eeB 
populations. IL-12 plays a crucial role to inilaeacing the 
differentiation of T cells toward a Thl phenotype. 33 IL-12 
knockout mice were resistant to EAE la susceptible strains 34 
and blocking IL-12 by antibodies confers an effective 
approach to abrogate clinical progression or relapse in 
EAE. 5 ' 3 * Oar results suggest that the rrtBCs produced less 
IL-12 but more IL-10, therefore driving Th2 response after 
injection in MOG-induced EAE mice. The role of IFN-y in 
the indnciion of EAE is controversial, which might have a 
prateftaamattsry or projective affect.'- 5 ''" 37 Although the 
primary effect of IL-12 is to upregulste the secretion of IFN- 
y, in our study we found no correlation between the JL-12 
levels and IFN-f secretion in PBS-injectad, imDC Injected, 
and mDG-injected mice, or between IFN-7 levels and clin- 
ical scores. Our data showed that elevated in 
PBS-injscted group promotes clinical EAE through a non- 
IFN-? pathway. 

In EAE, regulatory T celb are considered to play an 
important role in the resistance to EAE in some 
nonsuscsptlbie strains. 58 ""' Promoting ths capacity of 
hnaitmoregulatery APCs to drive Th2 polarisation, could 
be a strategy to suppress Thl cell-mediated autoimmune 
diseases like EAE. The factorfs) driving towards Th2 
predominance is not yet defined. Lymphocytes of rnDC- 
injected mice upon stimulation with MOG35-55 produced 
slgrnBcaniiy higher level of IL-10 compared to PBS-injecied 
and imDC-injacled mice (Figure 4}. These data indicate that 
mDC is a potent inducer of VL-lO. is produced by Th2 
cells, NK calls, macrophages, and DCs. IL-10 downregulaies 
costhnulatory signals by macrophages, 33 DC-driven WN-y 
production by T cells, and T-eell responses to antigen 
through inhibition of IL-12 production and 1L-12K. chain 
expression, 4 1 DCs pretreated with iL-10 indues tolerance by 
converting iraBCs into tolerogenic DCs.* 2 Adoptive transfer 
of autoreactive T ceils genetically designed to secrete IL-10 
was able to delay the onset at" EAE. 43 The observation that 
exposure of developing autoisnraune effector ceils to IL-10 
binders their development/* provides an explanation for 
o'isr. finding that the high level of IL-10 induced by admin- 
istration after disease onset is potent to suppress ongoing 
EAE. Although no evidence for antigen-specific IL-4 produc- 
tion was observed in the treatment, we consistently 
observed antigen-specific IL-10 production. It has also be 
shows that TNP-a stimulated mature BM-DCs, but not 
imDCs, suppressed EAE by inducing IL-10.' 44 Recent evi- 
dence showed that there is aa 1L-10/1L-12 frarounoregulatcry 
circuit controlling susceptibility to autoirarnune disease. 54 
la this circuit, the disease-promoting effects of IL-12 are 
antagonized by IL-10, which, in turn, Is regelated by the 



exogenous production of IL-12. Therefore, manipulation, of 
the IL-12/IL-1.0 balance could have profound effects on the 
incidence of autoimmune diseases. 241,45 Our study showed 
that mature BM- derived DC population possesses regulatory 
properties, as DC therapy has mediated the generation of 
Th2 bias and suppressed EAE by changing the balance 
between effector Thl cells and regulatory Th2 ceil popula- 
tions In these mica. Upon injection, these cells may directly 
suppress the inflammation in EAE mice by producing IL-10 
and/or by inducing other immunoregniatory cells, e.g., Th2 
cells and Trf cells. The phenoiype and the frequency of 
T cells derived from the protected end unprotected mice are 
subjects of ongoing studies in our laboratory. 

In conclusion, our study demonstrates m vivo suppres- 
sive effect of ni'DCs on EAE, and suggests that nsDCs 
selectively dowrnegulats antigen-specific response through 
suppression of Thl and induction of Th2 cytokines. In vitro 
inaidpulaiion of autogenous DCs to mature state eonld be a 
potential therapy for EAE and human MS in particular and 
autohnnmne diseases in general 

Abbreviations 

BM; bone marrow; CNS: central nervous system; DCs: 
dendritic cells; EAE: experimental autoimmune ence- 
phalomyelitis; MNC: mononuclear cells; MOQ: myelin 
oligodendrocyte glycoprotein; pi: post Immunization. 

Acknowledgements 

We Shank Elvira Ventura for technical assistance and 
Katherlne Regan for excellent secretarial assistance. This 
study was supported by grants from National Institutes of 
Health and National Multiple Sclerosis Society. 

References 

1 Kapsenberg ML. Hiiians CM, Wisrsaga EA, Kaltnski K Ths para- 
digm of type 1 and type 2 antigen-presenting cells. Implications 
for atopic allergy. Clm Exp ASargy 1999; 28(Suppi 2}; 33--3S. 

2 Otssfjrj T. CriKcai tnSaecces of me cytokine orcbestrsrion cm 
use outcome of myaiin antigen-specific T-cel! autoimmunity In 
experimental autoimmune encephalomyelitis end muiupls 
sclerosis, fotrmmol Bav J9S5; 144: 245-63, 

3 Titacbieri CS. Int8rle>.ildn-12: a cytokine at the interface of irj- 
flaramaiieri and immunity. As)v Immunol 1888; 70; 83-243. 

4 laonard JP, Waldburgsr KE, Goldman SG. Prevention of exper- 
imental autoimmune Encephalomyelitis by antibodies against 
foterieuiaa IS, / Sxp Med 3335; 281: 381-38. 

5 Xu K, Zhang GX, Wysocfca M. si g 1 .. Ths suppressive aifect of 
'iXJP-beta c-n lL-12.aa5diJsEsd iairaune racduistion specific to s 
peptide AcMi of myelin basic pmteia fMBP): a mechanism 
iuvoived. in inMtjiUcn of both IL-12 receptor featal autl beta2. 
} Hmzoimmuztoi 2000; 108; 53-83. 

B CoBStantinesca CS, Wysocka M, Milliard H, si af. Aa!ihf;di«s 
against EL-12 prevent superaniigsti-iudueed and spontaneous 
relapses of ezperiffteiuai autoimasune encephalomyelitis. 
/ frrirrra;?yi 1838; 181: S887-S104. 

7 Abroinson-Lsaman S, Maverakis E, Brcoson R, Dcrf E. CD40- 
madiased BcUvstion of T ceils accelerates, but is not required 
far, artcephaiitoganic poleniiai of myelin bssicpreteia-recogniz- 
itig T ceils m a model of progressive experimental autoimmune 
ancephaiomyeiiiis. Burl Immunol 2001; 31: 527-38. 



SSuitipte SsferesSs 



Maiista BM-deoai'stfe eails pateris* T5i2 
G-X TJtang *f sf 



468 

8 Inaba K, Metlay JP, Crowley MT, Witmer-Pack M, Steinniaif SM. 

Dendritic ceils as antigen presenting cells in Kfea, Jnf Jfey Xtn- 

mono/ 1980; S: 197-208, 
S Bancbereau J, Briere F, &mx C, si al. Xmrmmobiology of dsa- 

dritic cells. Asms itav immamss 2000; 1*: 767-811. 

10 Grahbe S3, Karcpgen E, Sciiuler G. Dendritic calls: msrftMsaieaf 
and multi-functional, fcununo.' IMay 2000; 21: 431-33, 

1 1 Banchassau ]. Dendritic calls; therapeutic potentials. Jrnns/us 
Sci 1937; IB: 313-28, 

12 Faill-Hariri M, Dong X, Aiber SM, el a/. immunotherapy of 
NOD mica wife bane marrow-derived dendritic coils. Diabetes 
1899; 48; 2300-303. 

13 fiapaccio G, Ds Luce A, Da Luca B, Pisanb" FA, Zarrilli 8, Detec- 
dots of dendritic cells in the aoa-obase diabaiic (MOD) morase 
islet pancreas Inflitrata is correlated with "fb2-cy!oid»<s produc- 
tion. / Cell Bioohem 1883; 74: 447-57, 

34 ftapaccia G, Nicoietd E Pisanti FA. Reridtecn X, Caldieri M. 
FWsvenUoti of spontaneous autoimmune diabetes in NOD 
mice by transferring A-! vftro antlgan-pulsad syngeneic den- 
dritic cells. Endastinafogy 2000; 141: 1500-505. 

15 Xiao BG, Huang Y, Yang P, st a?, ilona marrow-derived dendritic 
ceils from experimental allergic encephalomyelitis induce im- 
mosse tolerance to EAS3 in Lewis rats. Clin Exp Immunol 2001; 
135; 900-308. 

IS Huang YM, Yassg IS, Xu LY, Link H, Xiao SC. Auioautigerj- 
pulsed dendritic calls induce tolerance to exporimsntal attesgic 
encephalomyelitis 02A15} In Lewis rais. Ci'n Exp Immunol 2050; 
122: 437-44, 

17 Lirik H, Huang YM, Mastennan T, Xiao BG. Vaccination, with 
autologous dsndxitie calls; front experimental autoimrnuae en- 
cephalomyelitis So multiple sclerosis. / Nwsraifnimntol 2001; 
114: 1-7, 

IS Murass N, Ichikawa N, Ye Q, ef ul. Daadsirics csilsA&irnerlsnv' 
alleviation of chronic allograft reiscttori. / Leukoc 8io! 1939; 88: 
297-300, 

IS Thomson AW, Lu L. Are dendritic calls ibe key to liver trans- 
plant tolaranesY Immunol Today 1S88; 20; 27-3:'.. 

20 Luiz MB, JCttfcssteeh M, Ogil via AL, at a/, Ass advanced culture me- 
thod for generating large quantities of highly pure desadrittc cells 
from matisebsne marrow. /fcsra unci Afetfieks 5SSS; 223:77-92. 

21 Calida DM. Cosistantinescu C, Purev S« ei as. CutSns sdgs: C;3, a 
key swsstpsjjient of casnplerneni aciivabcn, is not required for ihs 
ttssvstepiswA yf mj-siin o!igodoadrocyt-> giycoprolsin peptide- 
indsscad esparimenial autoimmune snceplialomysliSis In mice, 
J btnttuiiol 2001; SSS: 723 -28. 

22 Zhang GX, Xu H, Kisbl M, Cafltfa D, Soatstml AM. Ravsrsai of 
spuatafssous progs-Sfssva aittoiminuKS encephalsmyeliiis by 
myelin basic prctsin-irsduced clonal dsfotion. Autoimmunity 
18SS; 31: 21S-27. 

23 Kapssabarg ML, KaliusJd P» Tiw cancsp! of type t aaid typa 2 
sritigBn.proseutlrig ailts, Xmmimoi iM 18S9; 88: o-fi. 

24 Bancbfiroau j, SteiruBaii SM, Dstsdriuu cells and the cc-JJtrol of 
jmrnuriUy. Nature 1888; 3S2: 245-52, 

25 Maldo»»do-i^««R,D8Sm8dtT,Mtdi8l3> eta/. CX»alphs+ assd 
CDSalpha-subciasssa of dessdritlc cc-lls diraci tie development 
os distinct T helper ceils in viva. ] Sxp Med 1999; 183; 587-82, 

25 PsdsJidran 8, Smith JL, Caspary G, et a!. Distinct dendritic ceil 
subsets differentially regulate the class of imxuuae jespensa in 
vivo, Prsc Natl Asusi Scd USA 19S8; 88: 103t?-4i, 

27 Vieira PL, da Jong WZ, Wierangs EA, liapsenhsjg ML, Xalinski 
P. Baveiopmaut of 'Hil-indocing capacily hi myeloid dendritic 
colls requires snvironnier.faj Instruction. / /aimraoi 2000; 
194; 4S07-12. 

28 Tanaka H, Bemsurs CE. Rubio M, Dalaspesse G, Sarfati M. Hib- 
man xaanocyts-tkufrsd dendritic csBs indues naive Tcetl tilffsr- 
entiatioa into T helper cell typa 2 {Th2; or TlsliThZ affssctora. 
Rofo of sdmuistor/rsspemdar raba / Sxp Merf 2000; 392s 405 - 12. 



29 KalinsMF, ScfeuttamateJH, HilkesK CM, Wiarsfiga SA, Kapsari- 
berg MI,. Fissal maturation of dendritic calls is associated with 
impaired responsiveness to iFH-sanuna and So bacterial 11-12 
Inducers: decreased ability of mature dendritic cells to produce 
3,-12 during tha intaraction with '1% cells./ Immunol 1939; 182s 
3231-38, 

30 DiUsl EN, Vlsiatln 3, Merchant KM, janeway Jr CA. PrsssnUtdoii 
of the salf-antigen myelin basic proiain by dendritic calls laads 
to rotperiraanial auioiajsn-uise aocaisbaiotuyeliJis. / Immunol 
1988; 183: 32-39, 

31 Moser M, Murphy KM. Dandrstic call KfguisHan of THS-TH2 
development, Nat Immunol 20Q0; 3: 198-205. 

32 OntJceKEiitfr H, Cliain E, Beverley F. How can dendritic cells 
cause atttoirrifasme disease? Ismiuno! Today 2000; 21: 214-17, 

33 Chaug JT, Segal 3M, Shevacis ISM Sole of costimulatior! in the 
induction of the 1L-12/3W2 receptor pathway and the develop- 
ment of autohsununity. } Immunol 2000; 164: 100-108, 

34 Sagal EM, Dwyer BK, Sbsvach EM. An Ijstai'leuJrfa [n<)-10/E.-12 
iinmussoregttlf.tory circuit controls susceptibility to autotJB- 
mooa disaase. / Sxp Med 19S8; til?: 537-48. 

36 Nikosvich 1<M, Gordon KB, Tan L, ef &?, !K*J-gamnia-activsted 
nrsinary rrmrine astrocytes express 137 costimulatory molecules 
and prisiie neive asitigen-speciHo T cells, / iuustmwl 1SS7; 158: 
614-21. 

30 WSfjrjforg DO, Forfhesn SA, Staykova MA, Ramshaw IA, Cow- 
dor. VV3. IFN-garajua, is critic-ii to die control of murine auto- 
immune encephalomyelitis and regulates both in the periphery 
asid in the tai^st tissue : a possible role for jjitric tsxidss, / .fmm!.»- 
r;o/ 1988; 163; 5278-35. 

37 Chu CQ, Wiiimar S. Dalion DSC Failure io suppress fea ex- 
pansion of the activated CD4 T csii population i» interferon 
gamaia-daSoSant mica ieads to exacerbation of expsrlanesitei 
aciolmmnna arifapbaSomysUtls. / Sa> Med 2000; 18S: 123- 
2U. 

38 Traugott LT, AcuSe experimental autoimmune ancsphalomyelilis. 
Diffexsaces batwaan T call Eiihsals in tbs blood and mafjlugeal 
Infilsrates in ssjccsptsble and resistarit strains of guinea pigs, 
! Neurol $ti 5963; 61: 81-81. 

39 Cua DJ, Hinton DR, StohSnian SA. Self-antigaa-inducad Th2 
raspotises in experimental allergic encephalomyelitis (SAEJ- 
resistant snice. Th2-msdiated suppression of autoiaimuns 
disease, / imxausis;! 1885; 1SS: 4053-58. 

49 Teuscber C, Hicxey WF. Grafer CM, 'fttng KS. A common iinrau- 
!soregula!cry locus controls susceptibiljty to SiCtively induced 
experimenial allergic encephalomyelitis and espariissesstal aller- 
gic OHShtris in BAt.B/c roles. / Immunol 1883; 160: 2751-50. 

41 Grow* H, Bigisr M, de Vries JE, Reiscarolo MG, InierianlOn-iO 
induces a long-term antigen-specific anergic siaSe in human 
CD«-r T calls. / Exp hied 1888; 184: 19-28. 

42 Steinbriok K, Wolfs M, Jontsleii H, Knop J. Enk All inductloa of 
tolerance by lL-10-tieated dendritic cells. / hmraiaal 1937; 158: 
4772-80, 

43 Cast S), LaFaca DM, Smhlman SA, Coffsnars KL. Central nervous 
system exprsssiosi of IL-10 inhibits autoiraninne encapbaloroyi^- 
USis. / Issunwiol 2801; 155: 502 -SOS. 

44 Menges M, Kobaar S, Voigtiander G, c£ of, rlapailtlva injections 
of dessdritie cells matured with tumor nacrasis isolor alpha 
induce antigen-spacific prctecElon o: mica from autoimmunity. 
/ Bap Mad 2002; 1SS: 15--2J. 

45 Ttiohy VJC Yu M. Yin L, si al. Modulation of the S.-10/IL-12 
cytakhre circuit by Isjtavfsron-bata inhibits the development 
of epitope spreading and disease progression in murine auto- 
irjsmuue encaphalomyeiitis. / Nsttraurunusio! 2000; 111; 55- 
83. 



iSiitista Sciefosfe 



